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ABSTRACT
The taxonomy and autoecology of the Western Australian soldier crab, Mictyris occidentalis Unno,
2008 is presented including a new species description, a comprehensive ichnology, sampling
methods, an extensive habitat description and a decadal population dynamics study. Such a wide
ranging, holistic study has not been carried out for any mictyrid specious previously. In detail, a
taxonomy component compares M. occidentalis with congeners, clearly establishing it as a separate
species from M. longicarpus to which it was previously referred, and the issues affecting
taxonomic classification in the Mictyris genus in general are discussed. A species identification
key is provided for the genus. A full suite of ichnological products created by M. occidentalis
including cavities, shafts, exit holes, pellets, rosettes, tunnels and pustular structures, is described
and related to the behaviour and life stages of the crab from juvenile to adult. The principle of
understanding the behaviour of a species before designing sampling strategies is illustrated, using
the example of the rapid burrowing escape mechanism employed by M. occidentalis. The habitats
of M. occidentalis are described across its entire geographic range encompassing thousands of
kilometres of coastline. Factors characterising the soldier crab habitat are investigated from the
regional, to large, to local, to micro-geomorphic habitat scale including the abiotic factors of wave
energy, tidal level, submergence frequency, the sediment characteristics of grain size, composition,
moisture content, salinity and also groundwater salinity. Also, the biotic factors of the densities of
sea couch roots and mangrove pneumatophores are considered. A model of the soldier crab habitat
is provided for prediction of the presence/absence of soldier crab populations in any particular
coastal zone. The results of a 30 year study of the population dynamics of M. occidentalis in King
Bay, Dampier Archipelago are presented in which the juvenile recruitment patterns, intra and interannual abundance and size classes of the population and gender composition and size classes of
swarms and subsurface population components are determined.

Periods of ovigery of M.

occidentalis females are compared with those of other mictyrid species. The lifecyle of M.
occidentalis is determined to consist of a cryptic infaunal phase for most of the crab’s life followed
by an emergent adult stage. Swarms comprise predominantly adult males with most females and all
juveniles remaining in the subsurface during a swarm event. The extended period of swarming
adults on a tidal flat is explained by the extended period of juvenile recruitment resulting in a
continuous series of cohorts reaching maturity and commencing the emergent phase.
Environmental management recommendations to conserve populations of M. occidentalis are
provided based on a synthesis of the findings of this ecological study.
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CHAPTER 1
1. General Introduction
1.1 Background
Mictyrid crabs, popularly known as “soldier crabs”, are an interesting group of brachyurid
crustaceans with many unusual phylogentic, morphological, physiological, behavioural and
habitational features. While being highly visible in large numbers or “armies” on tidal flats at low
tide throughout the west Indo-Pacific region, very little is actually known about the ecology of
soldier crabs. This thesis will redress such lack of knowledge by describing the post-larval ecology
of a particular mictyrid species to provide an understanding of not only the public face of the
soldier crab but also its cryptic nature.

Phylogenetically, soldier crabs are assigned to the Family Mictyridae Dana 1851 which, while
containing only one genus- Mictyris Latreille 1806, to date has seven described species (see
classification below).

The genus Mictyris contains cryptic species complexes, as has been

discovered in other taxonomic groups, particularly in marine organisms (Knowlton 1992). The
type species, M. longicarpus Latreille 1806, is an example of such a species complex. Formerly
thought to occur throughout the west Indo-Pacific region, it is now restricted in distribution to
eastern Australia after the description of two new species in Western Australia (Unno, 2008a) and
Northern Australia (Unno & Semeniuk, 2011a). Similarly, the Asian soldier crab, M. brevidactylus
Stimpson 1858, is another such species complex with Davie et al., 2010 describing a new species,
M. guinotae, formerly referred to M. brevidactylis, from the southern Japanese Islands. The full
taxonomic classification of Mictyris is listed below:
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Taxonomic classification of Mictyris
Domain: Eukaryota Whittaker & Margulis 1978
Kingdom: Animalia Linnaeus 1758
Subkingdom: Bilateria (Hatschek 1888) Cavalier-Smith 1983
Branch: Protostomia Grobben 1908
Infrakingdom: Ecdysozoa Aguinaldo et al. 1997 Ex Cavalier-Smith 1998
Superphylum: Panarthropoda Cuvier 1817
Phylum: Arthropoda Latreille 1829
Subphylum: Mandibulata Snodgrass 1938
Infraphylum: Crustaceomorpha (Chernyshev 1960)
Superclass: Crustacea Pennant 1777
Class: Malacostraca Latreille 1802
Subclass: Eumalacostraca Grobben 1892
Superorder: Eucarida Calman 1904
Order: Decapoda Latreille 1802
Suborder: Pleocyemata Burkenroad 1963
Infraorder: Brachyura Latreille 1802
Superfamily: Ocypodoidea Rafinesque 1815
Family: Mictyridae Dana 1851
Genus: Mictyris Latreille 1806
Species: M. longicarpus Latreille 1806, M. platycheles H Milne-Edwards 1852, M. brevidactylis
Stimpson 1858, M. livingstonei McNeill 1926, M. occidentalis Unno 2008, M. guinotae Davie et al.
2010, M. darwinensis Unno & Semeniuk 2011.
(After: http://zipcodezoo.com/Key/Animalia/Mictyridae_Family.asp)

Morphologically and physiologically, soldier crabs possess many distinctive characteristics such as
a single efferent channel exiting at the posterior carapace border rather than the double efferent
channels that occur in ocypodid crabs (Kemp 1919), large third maxillipeds and buccal cavity for
suspension feeding, an elongate trigonal obconical joint on the cheliped carpus-merus junction
promoting forward movement of the claw and legs adapted to forward locomotion (the Spider Crab,
Libinia sp., being the only other crab capable of such forward movement) and extremely efficient
lungs (Farrelly & Greenaway 1987). Behaviourally, mictyrid crabs are well adapted to their
existence as semi-terrestrial, inter-tidal crabs. Although they are considered to be a surface-living
crab by public and scientific perception, soldier crabs actually are largely infaunal benthic
organisms residing in the substrate in air cavities for most of their life cycle, and only emerging at
low tide during their adult phase. Soldier crabs produce an array of ichnological products in the
course of their feeding, burrowing and swarming activities, with these products becoming more
complex as the crab matures through the juvenile to adult stages (Unno & Semeniuk 2008; Unno
2008b).

21

Habitats of soldier crabs previously have not been well-described around the World and in
Australia, and generally soldier crabs are referred broadly as occurring on intertidal zones, or mud
flats, or beaches. In fact, as described in this study, soldier crabs reside in intertidal sandy
substrates and are not found in mud or gravel-substrate habitats unless they have temporarily
ventured into them in the course of escaping perceived predators (such as photographers). The
sandy substrates inhabited by soldier crabs may occur in a variety of geomorphological settings as
described in this thesis.

1.2 Introducing the Western Australian Soldier Crab Mictyris occidentalis
The soldier crab species described in this thesis is Mictyris occidentalis Unno 2008, formerly
referred to M. longicarpus. M. occidentalis has a recorded biogeographic range entirely within
Western Australia, from One Arm Point on the far northeast side of the Dampier Peninsula, in the
north to Monkey Mia at Shark Bay, in the south. This encompasses tropical and sub-tropical arid
to humid climatic zones, and environments with macrotidal to microtidal ranges.

Detailed

biogeographic investigations show that M. occidentalis is the only soldier crab species occurring in
this sector of Western Australia (Unno & Semeniuk 2009). No soldier crabs occur south of Shark
Bay and another soldier crab species, M. darwinensis, occurs allopatrically in the Buccaneer
Archipelago and the east coast of the Kimberley region of Western Australia and extends across to
the Northern Territory and Cape York, Queensland (Unno & Semeniuk 2011a).

1.3 The aim of the thesis
The aim of this thesis is to provide a comprehensive, descriptive and quantitative, holistic, baseline
study and synthesis of the post-larval autoecology of the mictyrid crab Mictyris occidentalis from
Western Australia. Previous to this current work there has been no published literature on the
autoecology of M. occidentalis, with studies on soldier crabs largely focussed on M. longicarpus
and M. platycheles in eastern Australia and M. brevidactylus (Taiwan) and M. guinotae (Japan).
Those latter studies (cited later in the thesis) were not broadly autoecological or holistic in nature
but involved particular, isolated aspects of soldier crab physiology, behaviour, or population
dynamics. Consequently, this current work is innovative and provides an original and cohesive
contribution to the body of knowledge involving soldier crabs in particular and brachyuran studies
in general.
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In detail, this thesis involved the following studies:
•

A taxonomic description of a new species of Mictyris and a robust biometric comparison
with congeners (the use of biometric comparison to a degree not previously carried out
before on soldier crabs).

•

Delimitation of the biogeographic occurrence of M. occidentalis (previously not accurately
carried out for any mictyrid species in Australia or globally).

•

Comprehensive description of the ichnology of M. occidentalis (previously not extensively
carried out for any mictyrid species in Australia or globally).

•

Comprehensive description of the habitats of M. occidentalis across its biogeographic
range at different scales, from macroscale regional to subregional coastal units to
microscale local habitat features (original work, not done previously for any brachyuran
species in Australia or globally.

•

Investigation of abiotic characteristics of the soldier crab habitat with the aim of
constructing a detailed model describing the determinative factors of the soldier crab
habitat (original work, not carried out previously for any mictyrid species).

•

Design and development of sampling methods and techniques which take into account the
complex behaviour of the species (original work, previously not carried out for any
mictyrid species).

•

A three decadal study of the population dynamics of M. occidentalis in terms of
abundance, size classes and reproductive and recruitment patterns (original work,
exceptional length of study not carried out previously for any non-commercial brachyuran
species).

•

Determination of the lifecyle of M. occidentalis, with the aim of describing the recruitment,
juvenile and adult phases (original work, not comprehensively carried out with any
mictyrid species).

•

Comparison of autoecological principles determined in this study with other mictyrid
species (original work, not previously carried out).

•

Provision of management and conservation principles for M. occidentalis based on
knowledge of the autoecology of the species (not carried out previously with mictyrid
species and rarely with other species).
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1.4 History of the thesis
Beginning in 1980 and continuing to the present time, the V & C Semeniuk Research Group
(VCSRG) collected abundance, population structure and observational data on soldier crabs at
King Bay in the Dampier Archipelago and other areas along the tropical Western Australian coast.
Abundance and population structure data had been collected seasonally from 1980 to 1987 and
monthly from 1983 to 1897, however, these data and crab samples were stored in note books and
specimen jars, respectively, and were not further analysed or published.

This author joined

VCSRG as a researcher in 1996 and became involved in the soldier crab studies from 1996 to the
present, initially in the Dampier Archipelago area but then extending the studies to other locations
along the sub-tropical to tropical Western Australian coast. From 2000 to 2004, this author carried
out additional seasonal, detailed autoecological studies of the soldier crabs at King Bay in the
Dampier Archipelago to supplement the VCSRG data from the 1980s. VCSRG kindly provided
access to 1980s data, including personal communications, field notebook data on soldier crabs, and
stored samples from which information this author reduced and analysed data for use in this thesis,
thus incorporating an exceptionally long period of data-gathering (30 years) rarely seen in
biological studies.

In the 1980s VCSRG sent soldier crab specimens to the Queensland Museum for identification
which was given as M. longicarpus. In 2000, this author determined that the VCSRG King Bay
specimens were not M. longicarpus but indeed a new species, later described as M. occidentalis
(Unno 2008a).

1.5 Rationale for the selection of the ecological aspects of M. occidentalis investigated and
hence the order of the Chapters in the thesis
As a result of the studies mentioned above, a series of five papers were written of which four are
published and one has been accepted for publication, detailing selected aspects of soldier crab
ecology, viz. the taxonomy, ichnology, behaviour and sampling, habitats, and population dynamics
of M. occidentalis. These ecological aspects were not randomly chosen but logically selected
according to a rationale based on the circumstances applying to M. occidentalis. The investigations
comprising Chapters in this thesis have been arranged in a progression from the identification of
the crab taxonomically, to the identification and description of its ichnological products at different
stages of its life-cycle, to the development of robust sampling methods tailored to soldier crab
behaviour, to a comprehensive description of the soldier crab habitat from the regional to local
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scale, and then finally culminating in the long-term population dynamics study elucidating the life
history of M. occidentalis. The rationale for the order of the papers and the order of the Chapters is
explained below.

A taxonomic component (Chapter 2, published as Unno, 2008a) was necessary in order to clarify
the status of the organism under study in view of the cryptic species complex issue as mentioned
above. The description of M. occidentalis as a new species included an extensive biometric
comparison with two congeners to a degree unusual in taxonomic descriptions for mictyrids in
order to determine clearly whether there was one species with varieties, or there were three
separate species in this congener group.

Also, from a broader taxonomic perspective, the

opportunity was taken to discuss problems inherent in the taxonomic history of the Genus Mictyris.

Due to the largely infaunal nature of M. occidentalis, with the main evidence of its occurrence at a
given site being ichnological, it was necessary to identify and describe the ichnological workings of
the crab (Chapter 3, published as Unno & Semeniuk 2008). These results provided methods and
criteria to recognise the soldier crab’s presence and its life stage and interpret its behaviour in its
habitat, even if the crab itself was not visible on the substrate surface. In addition, a detailed
description of soldier crab workings had not been carried out previously, and was useful for
distinguishing soldier crab workings from the ichnological products of several other crab species
that resided within the intertidal zone.

Observations of soldier crab behaviour, particularly the rapid burrowing escape response, its
variable depth of burrowing, its lateral subsurface mobility, the patchy nature of its ichnological
workings, and the partitioning of the populations into size and sex classes during its emergence
phase led to investigations of various sampling methods (Chapter 4, published as Unno 2008b) to
ensure accurate sampling results. Thus equipped with tools for identifying and sampling soldier
crabs, studies were undertaken to delineate the habitat and population dynamics of M. occidentalis.

Habitat description is an important part of any ecological study and a robust description of the
range of habitats of the Western Australia soldier crab (Chapter 5, published as Unno & Semeniuk
2009) forms a major section of this thesis, with habitat characteristics in terms of sediment type,
moisture content, salinity, organic matter content, tidal level, amongst other abiotic factors,
determined across the entire biogeographic range of the species.
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Finally, the population dynamics of the Western Australia soldier crab, specifically in King Bay,
Dampier Archipelago, were determined (Chapter 6, published as Unno & Semeniuk, 2011b). Such
work involved description of the intra-annual and inter-annual density of the population, size class
changes during a given year, recruitment patterns, and partitioning with respect to size classes and
sex during the emergent phase. This aspect of the work involved the 30 years of observation and
data mentioned above, providing a robust and conclusive result not obtainable in shorter studies.

1.6 Exegesis structure of the thesis
As permitted by the Edith Cowan University Board, the thesis is presented here as an exegesis
dissertation rather than in usual thesis structure format, with the published papers mentioned above
included as Chapters 2 - 6, forming the body of the work, accompanied by Introduction,
Concluding Discussion, References and Appendices Chapters.

The structure of the thesis is

presented below with the published papers listed next to associated Chapter numbers:

Chapter 1: Introduction

Chapter 2: Unno J 2008a A new species of soldier crab, Mictyris occidentalis (Crustacea:
Decapoda: Brachyura: Mictyridae) from Western Australia, with congener comparisons. Journal of
the Royal Society of Western Australia 91: 31-50.

Chapter 3: Unno J & Semeniuk V 2008 Ichnological studies of the Western Australian soldier
crab Mictyris occidentalis Unno 2008: correlations of field and aquarium observations. Journal of
the Royal Society of Western Australia 91: 175-198.

Chapter 4: Unno J 2008b The Western Australian soldier crab, Mictyris occidentalis Unno 2008
(Brachyura: Decapoda: Mictyridae): the importance of behaviour in design of sampling methods.
Journal of the Royal Society of Western Australia 91: 243-263.
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Chapter 5: Unno J & Semeniuk V 2009 The habitats of the Western Australian soldier crab
Mictyris occidentalis Unno 2008 (Brachyura: Mictyridae) across its biogeographical range. Journal
of the Royal Society of Western Australia 92: 289-363.

Chapter 6: Unno J & Semeniuk V 2011b Population dynamics of the Western Australian soldier
crab Mictyris occidentalis Unno 2008 in the Dampier Archipelago - 30 years of observations.
Crustaceana 84 (8): 905-937.

Chapter 7: Concluding Discussion

Chapter 8: References

Chapter 9: Appendices

As would be expected with Chapters 2 – 6 being “stand-alone” papers, there is some degree of
repetition of information, but generally from a slightly different perspective in each paper
appropriate to the theme of that paper. The greatest degree of repetition occurs in Chapter 6 where
a summary of information derived from the previous papers is presented to an International
audience. As published papers, each Chapter has a Discussion/Conclusions section comprising
synthesised conclusions from the specific theme of the paper. Chapter 7 of the thesis, in a
Concluding Discussion, highlights the main conlusions of the study concerning soldier crab
ecology and behaviour and applies this knowledge to management and conservation issues.
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CHAPTER 2
2. A new species of soldier crab, Mictyris Latreille, 1806
(Crustacea: Decapoda: Brachyura: Mictyridae) from
Western Australia, with congener comparisons
2.1 Introduction
Soldier crabs (Mictyris spp.) are well-known inhabitants of tidal flats and beaches in the central
Indo-west Pacific region, highly visible in large roving “armies” of several hundred small, round
blue crabs emerging during low tide. They are also distinctive in their unique ability among the
Brachyura to walk (or run) forwards, the presentation of the cheliped carpus in a vertical plane
(similar to a praying mantis), and their habit of rapidly burrowing into the substrate in a corkscrew
motion. Besides the Mictyris species, the common name “soldier crab” has also been applied to
other crustaceans such as hermit crabs (the European Parurus bernhardus and the Caribbean
Coenobita clypteatus), the ocypode crab Dotilla myctiroides from South-east Asia and,
occasionally, the Christmas Island Red Crab, Gecarcoidea natalis, however, the term “soldier
crab” is most commonly applied to species of Mictyris.

This chapter describes Mictyris occidentalis, a new species from the monotypic Family Mictyridae
Dana, 1851, consistent in morphological characteristics across a distribution recorded thus far from
Monkey Mia, Shark Bay to One Armed Point, near Cape Leveque on the mainland coast of
Western Australia (Fig. 2-1). As such, it is a contribution towards clarifying a part of the complex
of species referred to Mictyris longicarpus (Davie 1982, 1985, 2002). Habitat, behaviour and
distribution of M. occidentalis also are described briefly. A review of the taxonomic history of
Mictyris and its inherent problems is provided as background for the description of the new
species.
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Figure 2-1. Location and types of sampling
sites for Mictyris occidentalis.

The new species is morphologically and biometrically compared with two other Mictyris species,
M. longicarpus and M. brevidactylus. All three species of Mictyris examined in this study were
previously assigned by McNeill (1926) to either M. longicarpus, including Mictyris collected from
the Western Australian coast (i.e., the M. occidentalis of this study), or in the case of M.
brevidactylus Stimpson, 1858, to a variety of M. longicarpus (viz. M. longicarpus var.
brevidactylus) restricted to South-east Asia. To determine clearly whether there is one species with
varieties (as McNeill suggested), or there are three separate species in this congener group, it was
necessary to undertake detailed comparisons between the three forms.

The chapter also provides a key to help differentiate between the five species of Mictyris described
to date [Author’s note: this chapter was published as a paper in 2008; see Unno & Semeniuk, 2011
for a more recent species list and species key].
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2.2 Taxonomic history
While the Family Mictyridae Dana, 1851 has its own convoluted history (e.g., Crane 1975 refers
“Myctyris” [sic] to the Ocypodidae; Jones 2004 similarly referred Mictyris that occurred in
Withnell Bay, Western Australia to the Ocypodidae), this chapter is concerned not with the history
and status of the Family but only with Mictyris itself as a context to the identification of a new
species. However, this section on taxonomic history does not attempt an exhaustive treatment of
synonymies on species of Mictyris, which can be found in the literature, but rather focuses on the
problems in taxonomy resulting in M. occidentalis being originally assigned to M. longicarpus, and
in M. brevidactylus from South-east Asia being confused with M. longicarpus even today, more
than 200 years since the holotype was first described.

The taxonomic history of Mictyris is similar to that of a multitude of taxa which were originally
described in the early 19th Century from collections made on European exploratory voyages to the
Indian-Pacific region. Early diagnoses were often very brief due to the large number of organisms
collected and there was a tendency to place superficially similar specimens into existing groups
rather than create new taxa. Frequently, type locations from early voyages were regional (e.g.,
“east Indian Ocean”), rather than site-specific, or sometimes were incorrectly recorded, and often
specimens were described at a later date, not by the collector but by another worker, usually a
museum taxonomist. Consequently, over time, many taxa have undergone numerous revisions and
have been re-assigned by various authors, as species differences have become apparent. Besides
imprecise distributions, other problems included limited access to literature in foreign languages,
particularly early references, and the creation of synonymies. The misspelling of species names in
the literature also added to the taxonomic confusion of some groups, including the Mictyridae
(Alcock 1900).

The genus Mictyris with its holotype Mictyris longicarpus and the nebulous type locality of
“Oceano Indiae orientalis”, was originally described by Latreille in 1806 from a collection in the
Paris Museum. Latreille was not the collector, hence the vagueness of the type locality, a problem
which still has repercussions for researchers today. To Latreille’s credit, efforts were made to
clarify the type location and later the locality was amended to “ l’Océan australasien” (Latreille
1829). The species Mictyris longicarpus was referred to by subsequent authors under numerous
misspellings, e.g., “Myctiris longicarpis” (Milne Edwards 1837), before being corrected to the
original name by Alcock (1900) who also gave a more detailed description of the genus. Dana
(1851) elevated the genus (originally in Ocypodidae) to family status, a move supported by Kemp
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(1919), McNeill (1926), and most of the recent brachyuran catalogues (e.g., Davie 2002). A
second species of Mictyris in Australia, M. platycheles, was described by Milne Edwards (1852)
from ‘Port Western’ (Western Port Bay), Victoria with a distribution from Moreton Bay,
Queensland to the north coast of Tasmania. The nomen nudum Myctiris subverrucatus was given
to a specimen from Tasmania by White in 1847 but since has been assigned to the synonymy of
M. platycheles along with the provisional name Myctiris prostoma suggested by Stimpson in 1907
(McNeill, 1926). De Haan (1835) published the name Mictyris deflexifrons (recognised now as a
nomen nudum) for specimens from Japan (which are now assigned to M. brevidactylus, see below).

The next important stage in the history of Mictyris taxonomy was the work of Stimpson (1858) who
described very briefly, but did not illustrate, Mictyris brevidactylus from the southern coast of
China and the islands of “Loo Choo” (Ryukyu Islands, Japan), and definitively established that the
South-east Asian Mictyris did not belong to M. longicarpus.

Unfortunately, the types of

M. brevidactylus were lost in a fire at the Chicago Academy of Sciences in 1871 and William
Stimpson died in 1872 without publishing a full description and figure of the new species. In 1907,
Dr Mary J. Rathbun, who, as assistant curator of the United States National Museum, was familiar
with Stimpson’s concept of M. brevidactylus, published a posthumous paper by Stimpson which
described and contained figures of M. brevidactylus, and gave its distribution from Hong Kong,
South China Sea, to the Ryukyu Islands, southern Japan (Stimpson 1907). However, this paper
(Stimpson 1907) did not eliminate the confusion over the misuse of the name “M. longicarpus” in
South-east Asia and Japan. Adding to the taxonomic confusion, De Man (1887) and Tesch (1918)
regarded M. brevidactylus Stimpson to be synonymous with M. longicarpus, although McNeill
(1926) argued that these workers were not in possession of specimens of true M. longicarpus from
eastern Australia for proper comparison, unlike Stimpson who had collected material from Port
Jackson and Botany Bay, in New South Wales (NSW).

McNeill (1926), in a significant revision of the Mictyridae, recognised three species and one
variety of soldier crab in the Indo-Pacific and Australian regions.

These were: Mictyris

longicarpus Latreille, 1806; Mictyris platycheles H. Milne Edwards, 1852; Mictyris livingstonei
McNeill, 1926 (type locality at Trial Bay with a distribution from Cooktown, Queensland (Qld.) to
Trial Bay, northern NSW), and Mictyris longicarpus var. brevidactylus (Stimpson). McNeill did
not give a rationale for changing the status of M. brevidactylus, although he did suggest that future
workers would find local “definite racial forms” within the distributional area of the variety. In
addition, with regard to the identity of true M. longicarpus, McNeill (1926) provided a detailed
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argument for the type location of Latreille’s M. longicarpus as Port Jackson (NSW), on the east
coast of Australia. McNeill set the distribution of M. longicarpus (in Australia) as being from the
lower NSW coast northwards, across the northern part of Australia and along the coast of Western
Australia to Perth in southwestern Australia, and stated that soldier crabs from the Philippine
Islands and northwards to the China Sea should be referred to M. longicarpus var. brevidactylus.
The record from Perth (Miers, 1884), on which McNeill (1926) rests the southwestern-most
occurrence of M. longicarpus in Western Australia, is unlikely to be correct as there are no other
records of Mictyris further south than Shark Bay along the Western Australian mainland coast.
[Mictyris has not been found south of Shark Bay on the Western Australian mainland coast in
extensive surveys of appropriate sandy tidal flat habitats in the estuaries from Kalbarri to Perth
between 1997 and 2007].

Of particular relevance to this chapter was McNeill’s treatment of a series of specimens from the
general locality “North West Australia” including Cygnet Bay north of Broome in Western
Australia. Despite observing that the “greatest divergence from the typical form” occurred in this
series, McNeill (1926) conservatively assigned the Western Australian populations of soldier crabs
to M. longicarpus. The characters which McNeill listed for “North West Australia” are consistent
with M. occidentalis, although McNeill does not mention the unique projection of the carapace
posterior border or the gonopod morphology (as described in this chapter). As such, the taxon “M.
longicarpus (pro parte)” referred to in the synonymy of this chapter (see below) refers to those
Mictyris crabs from Western Australian that were assigned to M. longicarpus by McNeill (1926).

Notwithstanding the revisions by McNeill (1926), later workers, especially in the Japanese and
South-east Asian regions, still held to Latreille’s initial broad type locality (i.e., M. longicarpus
occurred everywhere, from Japan to Australia). Sakai (1976), for instance, stated that Japanese
crab fauna contained a single Mictyris species, M. longicarpus, and agreed with Tesch (1918) that
M. brevidactylus was synonymous with M. longicarpus. At that time, Japanese carcinologists
referred Japanese specimens to M. longicarpus as they had not accessed McNeill’s paper which
limited the distribution of true M. longicarpus to Australia (Takeda 1978). Takeda (1978), citing
McNeill’s 1926 paper, compared “M. longicarpus” from the Ryuku Islands with M. longicarpus
from New South Wales and regarded them as “specifically distinct”. Currently, some workers
accept Mictyris brevidactylus as a synonym or just a variety of M. longicarpus (e.g., Kawaguchi
2002), while others, notably most Australian, Japanese, Chinese and South-east Asian researchers
(e.g., Shih & Liao 1998; Takeda 2005) accept the designation of Stimpson (1858, 1907).
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Davie (1982, 1985, 2002) suggested that Mictyris in Australia is a “complex” of five species: three
from eastern Australia have been described (M. longicarpus Latreille, 1806, M. platycheles H
Milne Edwards, 1852 and M. livingstonei McNeill, 1926); one from the Northern Territory is
described as M. darwinensis (Unno & semeniuk 2011); and the fifth from Western Australia is the
subject of this chapter.

This present study strongly supports recognition of full species status for M. brevidactylus
Stimpson, 1858 and, following Davie (2002), M. longicarpus (sensu stricto) as being restricted to
eastern Australia. Other records of M. longicarpus from elsewhere in Australia and the Indo-west
Pacific Ocean are either misidentifications or are of undescribed species.

2.3 Materials, methods and terminology
2.3.1 Materials examined:
Abbreviations: ♂ = male, ♀ = female, J = juvenile, ovig = ovigerous, AM = Australian Museum,
WAM = Western Australian Museum, VCSRG = V & C Semeniuk Research Group, max =
maximum, CL = carapace length

2.3.2 Material for comparison and biometric study:
Mictyris occidentalis: Holotype plus Paratypes: 4 ♂♂ (CL 12.90-12.73 mm) WAM C39422, King
Bay, Dampier Archipelago, WA, 2004; 5 ♂♂ (CL 14.96-13.36 mm) WAM C39423, Broome WA,
2004; 5 ♂♂ (CL 12.95-10.52 mm) WAM C39424 Monkey Mia, Shark Bay, WA, 2004

Mictyris brevidactylus: 3 ♂♂ ( CL 12.01-9.07 mm), 3 ♀♀ ( CL 11.32-8.47 mm) AM 5750 Subig
Bay, north Philippine Islands, 1908; 4 ♂♂ (CL 15.25-11.14 mm) AM P73642 Starfish Bay, New
Territories, Hong Kong, 2006

Mictyris longicarpus: 7 ♂♂ (CL 19.58-11.23), 3 ♀♀ (CL 15.15-13.12) WAM C13323 Cape
Ferguson, Townsville, Queensland, Australia, 1982

2.3.3 Material from Australian localities:
M. occidentalis paratypes in the VCSRG collection : 4 ♂♂ (CL 12.90-12.74 mm), 2 non ovig ♀♀
(CL 10.6-9.2 mm), 1 ovig ♀ (CL 8.80), 32 JJ (CL 6.00-1.20 mm) VCSRG 80804 Coconut Well,
WA, 2004; 62 ♂♂ (CL 15.10-7.30 mm), 3 non ovig ♀♀ (CL 10.40-9.20 mm), 92 JJ (CL 4.70-1.50
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mm) VCSRG 70804, Broome, WA, 2004; ♀♀ VCSRG110294 Port Smith, WA, 1994; 255 ♂♂ (CL
13.90-7.10 mm), 192 non ovig ♀♀ (CL 10.50-7.10 mm), 1 ovig ♀ (CL 9.40), 68 JJ (CL 6.50-1.40
mm) VCSRG 120704COSS, Settlers Beach, Cossack, WA, 2004; 2 ♂♂ (CL 7.80-7.70 mm), 1 non
ovig♀♀ (CL 6.70 mm), 179 JJ (CL 5.80-1.40 mm) VCSRG 140704 Point Sampson, Cape Lambert,
WA, 2004; 37 ♂♂ (CL 12.90-7.00 mm), 5 non ovig ♀♀ (CL 10.90-7.00 mm), 5 ovig ♀♀ (CL 8.907.00), 272 JJ (CL 5.70-1.50 mm) VCSRG 150704 Hearson Cove, Dampier Archipelago, WA,
2004; 152 JJ (CL 6.40-1.50 mm), VCSRG 120704WB Withnell Bay, Dampier Archipelago, WA,
2004; 295 ♂♂ (CL 13.90-7.00 mm), 208 non ovig ♀♀ (CL 10.90-7.00 mm), 5 ovig ♀♀ (CL 9.407.00), 527 JJ (CL 6.90-1.00 mm) VCSRG-DA, Dampier Archipelago, WA, 2001 -2003; 2 ♂♂ (CL
8.20-7.50 mm), 5 ovig ♀♀ (CL 9.90-7.50), 4 JJ (CL 3.90-3.20 mm) VCSRG 110704ONS Onslow,
WA; 42 ♂♂ (CL 15.80-7.30 mm), 31 non ovig ♀♀ (CL 12.50-8.60 mm), 10 ovig ♀♀ (CL 9.907.50), 467 JJ (CL 5.60-1.20 mm) VCSRG 110704CARN Carnarvon, WA; 23 ♂♂ (CL 15.40-7.00
mm), 32 ♀♀ (CL 12.20-6.80 mm), 4 JJ (CL 6.50-5.50 mm) VCSRG 100704MM Monkey Mia,
Shark Bay, WA; 3,995 ♂♂, ♀♀, JJ (CL 13.9-1.0 mm) VCSRG 19802003 King Bay, Dampier
Archipelago, WA, 1980 – 2003.

M. occidentalis paratypes in the WAM Collection: 1 ♂ (CL 13.09 mm) C39414 One Armed Point,
NW Kimberley, WA; 1 ♂ (CL 14.15 mm) C13294 Gnamagun (Lombardine Mission) WA, 1982; 2
♀♀ WAM C12970, 1980 & C16995, 1978, Barrett Creek NW Broome, WA; ♂♂, ♀♀, JJ (max CL
15 mm) C12979, C12940, C12934, C39405 Broome, WA, 1980; ♂♂, ♀♀, JJ (max CL 11.71 mm)
C8037, C39398, C39399 & C39415 Mundabullangana, near Port Hedland, WA, 1960; ♂♂ C13009
& C13010 Mko Bay, Cape Lambert, WA, 1979; 1 ♂ (CL 12.14 mm) C39408 Legendre Is. Dampier
Archipelago WA 1962; ♂♂ C25898, C26685, C29204 Dampier Archipelago, WA, 1998-99; ♂♂
(max

CL

15.27

mm),

C11871,

C23036,

C23354,

C13001-05,

C38788-90,

C39390,

Ningaloo/Exmouth Gulf region WA, 1974-95; ♂♂ (max CL 14.00 mm) C5689, C22231, C39402,
C39409-10, Carnarvon region, WA, 1939-76; 1 ♂ (CL 15.53 mm) Faure Is., Shark Bay, WA, 1958;
♀♀ ♂♂ (max CL 17.49 mm) C8038, Monkey Mia, Shark Bay, WA, 1960

M. longicarpus in the WAM Collection: 1 ♀ (CL 13.27 mm) 1 C39392, Sandfly Creek, MacKay,
QLD, 1983; 1 ♂ C8039 Townsville, QLD 1961; 1 ovig♀ C13327 Townsville, QLD, 1982.
1 ♂ C13348, Townsville, QLD, 1982

M. livingstonei in the WAM Collection: 1 J, C39401, Sandfly Creek, MacKay, QLD, 1983; 1 ♂
C39416, Andergrove, QLD; 1 ♂ C39418 Yorky’s Knob, Cairns, QLD, 1983
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M. platycheles in the WAM Collection: 1 ♂ C39396, Altona Pier, VIC, 1965

M. darwinensis in the WAM Collection: 4 ♂♂ ( CL 15.38-12.01 mm), 2 ♀♀ (CL 11.54-11.05),
19116 NW of Unwins Island, north Kimberley, WA, 1988; 1 J C39389 Lee Point, Darwin, NT; 1 ♂
(CL 12.00 mm) C39395 West Woody Island Creek Gove, NT

2.3.4 Material from non-Australian localities:
Mictyris brevidactylus in the WAM Collection: ♂♂ C39406, C39412, C39413 Hong Kong

Taxonomic work and morphological descriptions and comparisons in this study were based on: (1)
data from several hundred specimens collected and examined across a large latitudinal gradient in
Western Australia (25º S to 16º S); and (2) a particular focus on obtaining correctly identified
specimens of M. brevidactylus and M. longicarpus for accurate taxonomic comparison of
characters.

To determine which soldier crab species were extant in Western Australia, circa 1000 specimens
were collected from populations in 18 sub-tropical to tropical coastal sites for morphological and
biometric studies (Fig. 2-1 and Table 2-1, all co-ordinates in WGS84 system).

These collection sites ranged from Monkey Mia, Shark Bay in the south to Coconut Well (north of
Broome) in the north-west of Western Australia across a wide latitudinal range of 9º, a distance of
circa 1000 km. Specimens examined were morphologically consistent throughout the study area
signifying that only one species was present. Five adult male specimens from three sites (Monkey
Mia, King Bay and Broome) selected to cover the coastal range, were then compared with five
M. longicarpus and three M. brevidactylus adult male specimens obtained from the Western
Australian Museum (WAM) and the Australian Museum (AM), respectively. The WAM holding
of M. longicarpus was collected from Townsville in Queensland on the east coast of Australia and
accorded with Latreille’s type description. This last point is particularly important because WAM
specimens examined in this study, which were collected from Western Australian localities and
attributed to M. longicarpus, did not correspond to Latreille’s description of the holotype of
M. longicarpus.
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Similarly, it was considered important to obtain correctly identified specimens of M. brevidactylus
for comparison. As previously mentioned, Stimpson’s holotype of M. brevidactylus was destroyed
by fire in 1871, however, the Australian Museum provided specimens of M. brevidactylus from
Subig Bay, Luzon in the northern Philippine Islands. These were identified by Rathbun using
Stimpson’s identification criteria and included the adult male specimen which McNeill (1926)
described as M. longicarpus var. brevidactylus Stimpson, in his revision of the Family Mictyridae.

Table 2-1
Broome to Shark Bay regional study collection sites from localities in WA
Region
Broome

Port Hedland

Cape Lambert

Dampier Archipelago

Locality/Site
Coconut Well

Latitude & Longitude
17º 49' 16.37" S
122º 12' 44.78" E

Riddell Beach

17º 59' 05.15" S
122º 11' 28.02" E

Broome Town high tide

17º 58' 02.47" S
122º 14' 16.34" E

Broome Town mid-tide

17º 58' 02.47" S
122º 14' 16.34"E

Port Hedland spoil bank

20º 18' 26.80" S
118º 35' 28.30" E

6 Mile Creek

20º 19' 24.90" S
118º 39' 52.56" E

12 Mile Creek

20º 20' 09.60" S
118º 40' 20.89" E

Settlers Beach (near Cossack)

20º 40' 03.20" S
117º 14' 40.24" E

Point Samson

20º 37' 47.46" S
117º 11' 51.04" E

Hearson Cove landward of
Avicennia

20º 37' 37.63" S
116º 47' 53.11" E

Hearson Cove sand flat

20º 37' 42.14" S
116º 47' 51.41" E

Withnell Bay

20º 34' 26.65" S
116º 47' 48.83" E

King Bay-King Bay Shoal

20º 38' 0.8.56" S
116º 45' 25.48" E

King Bay-KB12

20º 38' 10.38" S
116º 45' 28.87" E
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Region

Locality/Site

Latitude & Longitude

Ashburton River Delta

Onslow

21º 38' 52.28" S
115º 07' 50.74" E

Gascoyne River Delta

One Tree Road

24º 51' 43.40" S
113º 37' 43.90" E

Mile Jetty

24º 54' 09.85" S
113º 40' 01.97" E

Mile Jetty West

24º 54' 09.85" S
113º 40' 01.97" E

Carnarvon racecourse

24º 54' 15.14" S
113º 40' 19.18" E

Monkey Mia

25º 47' 36.44" S
113º 43' 18.05" E

Shark Bay

Thirty characters (Table 2-2) which were considered useful diagnostically were selected for the
biometric study as a means of species determination, and these were measured to the nearest 0.01
mm with a digital vernier caliper (DSE Model Q1382). Figure 2-2A-E shows the location of
anatomical features used in biometrics in this chapter. Measurements of features (e.g., leg, eye,
etc.) were obtained on the right side of the crab body, unless the feature was missing, in which
case, the left side was utilised. Averages were taken of the individual measurements for each group
of crabs and these data were used to determine the character ratios employed in the comparisons.

The terminology used here follows McNeill (1926), particularly in the terms for the cheliped where
the wrist = carpus, palm = manus, immoveable finger = pollex and moveable finger = dactyl.
Abbreviations employed in this chapter are shown in Table 2-2.
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Table 2-2
Diagnostic characters and other abbreviations used in this chapter
Character
Abdominal segment 1

Description
straight line length of 1st abdominal segment
measured along the mid-line

Abdominal segment 6

length of 6th abdominal segment measured along
the mid-line

AS6L

Abdominal segment 7

length of 7th abdominal segment measured along
the mid-line

AS7L

Antero-lateral spines interspace

distance between inner bases of antero-lateral
spines

ALSI

Body Height

Vertical distance between top of carapace and
lowest point on abdomen
length between front and edge of posterior border
of carapace (not including setae)

BH

Carapace lateral dimensions

distance between widest point of branchial regions

CW

Cheliped carpus anterior to posterior

straight line distance between top of wrist to distal
end, along outer edge

CHCL

Cheliped carpus distal edge

length of distal edge of wrist

CHCW

Cheliped dactyl

length of moveable finger

CHDL

Cheliped palm lower margin

length of palm on lower margin

CHPLlm

Cheliped palm upper margin

length of palm on upper margin

CHPLum

Cheliped pollex

length of immoveable finger

CHPOL

Cheliped palm

depth of palm

CHPW

Cornea

distance from top of eye to start of peduncle

Cornea plus peduncle

distance from tip of cornea to base of peduncle

Eye interspace

Distance between outer extremities of eyes

EI

Front lateral dimensions

Horizontal distance across top of frontal lobe

FW

Front vertical dimensions

distance from the median point of the front, level
with the eyes, to the point of the median lobe

FL

Gastric region lateral dimensions

width of gastric region

GW

Median carapace dimensions

width of middle part of carapace (mid-branchial
region)

MCW

Posterior border setae

length of setae lining posterior border

PBH

Carapace anterior to posterior

Abbreviation
AS1L

CL

COL
COL+PED
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Character

Description

Abbreviation

Posterior border lateral margin

distance in a straight line from distal corner of
carapace border to beginning of curve around
ischium of 4th walking leg

PBL

Posterior border caudal margin

width of rear carapace border from corner to
corner

PBW

3rd maxilliped

total length of 3rd maxilliped from top of merus to
bottom of ischium

3MTL

3rd maxilliped merus

central length of merus

3MML

3rd maxilliped ischium naked surface

central length of bare ischium surface

3MILns

3rd walking leg merus

length of part measured centrally

3WLML

4th walking leg dactyl

length of part measured centrally

4WLDL

4th walking leg propodus

length of part measured centrally

4WLPL

4th walking leg merus

length of part measured centrally

4WLML

Use of ratios of particular morphological features largely follow McNeill (1926), particularly for
the ratios of CW:CL, all the 3rd maxilliped ratios, ALSI:PBW, CHPW:CHPLlm, and FW:FL.
However, other ratios have been devised for this chapter to highlight diagnostic characteristics of
M. occidentalis (Table 2-3).

Table 2-3
Ratios of morphological characters used in this chapter
Ratios following McNeill (1926)
ALSI:PBW
CHPW:CHPLlm
CHDL:CHCL
CHPOL:CHCL
CHPW:CHPLlm
CHPW:CHPOL
CL:CW
COL:COL + PED
EI:PBW
EI:MCW
FW:FL
3MML:3MILns
3MTL:ALSI
3MTL:CHPLum + CHDL

Ratios devised for this chapter
CHCL:CHCW
CHCL:ALSI
CHPOL:CHPLlm
CL:BH
4WLML:PBL
4WLML:4WLDL
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2.4 Taxonomy

MICTYRIDAE Dana, 1851

Mictyris Latrielle, 1806
Type species: Mictyris longicarpus Latreille, 1806

Mictyris occidentalis, sp. nov. (Figures 2-2, 2-3)

Mictyris longicarpus (pro parte). -McNeill 1926: page 109 (“north west coast” material)

2.4.1 Material examined
Holotype: male (CL 12.46 mm, CW 10.32 mm) WAM C39420, King Bay, Dampier Archipelago,
Western Australia, 20º 38' 16" S, 116º 45' 50" E (WGS84), coll. J. Unno, 24 Apr 2003.

Paratype (allotype): female (CL 10.06 mm, CW 8.15 mm) WAM C39421, King Bay, Dampier
Archipelago, Western Australia, Lat. 20º 38' 16" S Long. 116º 45' 50" E (WGS84), coll. J. Unno,
24 Apr 2003.

Other paratypes: see Section 2.3.2 & 2.3.3.

2.4.2 Diagnosis
M. occidentalis is distinguished from other Mictyris species by a visibly granular carapace,
especially on the antero-lateral spines and associated ridges, and a convexly rounded posterior
border, viewed dorsally, projecting beyond the abdomen. The chelipeds are strongly granulated
with well-defined granular ridges on the palm and fingers, and the dactyls of the fourth walking
legs are distinctly curved.
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Figure 2-2. Skeletal anatomy of Mictyris and a key to those features used in biometrics in this
chapter. A. Key features evident in the anterior view; those annotated in bold print are diagnostic
for Mictyris occidentalis. B. Dorsal view showing location of anatomical features used in
biometrics in this chapter. C. Oblique dorsal view showing location of anatomical features used in
biometrics in this chapter. D. Close-up of cheliped to illustrate location of the straight line
measurement used for determination of carpus length and width. E. Front view showing location of
anatomical features used in biometrics in this chapter. F. Anatomical features of the gonopods.
Key to the acronyms is presented in Table 2-2.
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Figure 2-3. Anatomical features of the holotype and paratypes of Mictyris occidentalis. A. Dorsal
view of the holotype (KB5) showing inflated nature of the carapace, the posterior border and its
fringe of setae, and the curved dactyl of the 4th walking leg. B. Front of the paratype (KB1)
showing granulated anterior part of carapace, the carinated, granular margin of the front, and the
granulated antero-lateral spine. C. Drawing of key features of M. occidentalis using paratypes.
The illustrations show the nature of the granulated and carinated front margin; the granulated
antero-lateral spines, and the granulated ridge from the antero-lateral spines to the branchial region;
the curved dactyl of the 4th walking leg; the geometry of the gonopod; the features of the cheliped
with its ridges on the exterior of the propodus and the dactyl, and a serrated edge on the inside of
the immovable finger of the propodus, and a single domed tooth on the inside of the dactyl; the
shape and setae on the 1st abdominal segment (viewed ventrally); the shape and setae of the
posterior border; and the posterior border viewed in lateral profile relative to the posterior part of
the carapace.
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2.4.3 Description of male holotype
Body: Sub-globular (Fig. 2-3A), width between widest part of branchial regions less than length
from front to posterior border of carapace (CL:CW= 1.21:1); body extends to slightly forward of
bases of antero-lateral spines. Branchial regions inflated and projecting over lower edges of
carapace at bases of ambulatory limbs. Posterior border of carapace (Fig. 2-3C) truncated and
produced beyond curve of abdomen, slightly convexly curved outward along its width which is
slightly less than the interspace between the antero-lateral spines (ASLI:PBW=1.22:1); lateral
margins are rounded and length of sides are one fifth the width of border; a fringe of long setae
lines the border margin and sides with the length of setae (PBH) being approximately threequarters of the length of the sides (PBL).

Carapace: Visibly granular and not smooth to touch (Figs. 2-2B & 2-3A). Gastric and branchial
regional grooves well-defined.

Branchial regions visibly granular with closely set granules

covering branchial region and forming rugae on the posterior halves. Median areas with groups of
macroscopic granules particularly on the gastric region near the antero-lateral spines and on the
cardiac mound which also has several rounded tubercules; two chitinised stigmata on central
posterior border of gastric region; two short, longitudinal grooves adjacent to each branchial region
with a pair of small tubercules in the centre of the median area; two small pits at base of cardiac
mounds each adjacent to bases of 4th walking legs. Sub-hepatic regions visible from above; strong
granular ridge running along front of sub-hepatic regions downwards to oblate Milne Edwards
openings above the cheliped basis on either side; macroscopic strong granular ridges extend
inwards from sub orbital border, diminishing to microscopic granules below antero-lateral spines;
antero-lateral spines (Fig. 2-2A), prominent, obtusely pointed, recurved, granular at bases and on
anterior faces; directed obliquely upwards and outwards; a macroscopic, strongly granular ridge
extends posteriorly from base of each antero-lateral spine to branchial region and another short,
sparsely granular ridge extends downwards towards sub-hepatic region from base of antero-lateral
spine; interspace between antero-lateral spines is almost equal the distance between the outside of
the eyes, 1.22 times the width of the posterior border and almost equal the width of the space
between the mid branchial regions. Front is vertical (Fig. 2-3. 2-2A & 2-3B), broad and channeled;
length is four fifths of the width (Fig. 2-2E); lateral lobes broadly conversely curved, median lobe
obtusely pointed and sides obversely curved; margin of front is carinated and granular; clusters of
macroscopic granules occur on the epigastric ridges and the center of the median lobe.
Eyes: Smaller than in the type species (M. longicarpus); the space between the outside of the eyes
(Fig. 2-2B) slightly greater than the width of the posterior border (EI:PBW = 1.14:1); cornea tipped
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with several long setae (Fig. 2-2A); cornea length is one third of total length of cornea plus
peduncle (COL:COL + PED = 0.33:1).

Epistome: With small gap between dorsal point and front (Fig. 2-2A); short transverse ridge just
below dorsal point and area above that is microscopically granulated; median area smooth and
ventral projection is evenly microscopically granulated; sides and point of ventral projection flat
with faintly finely serrated margins; ratio of width to length is 1: 2.63.

Third maxillipeds: Large, their greatest length is almost two thirds longer than the antero-lateral
spine interspace (3MTL:ALSI = 1.56:1) and slightly longer than the length of the upper margin of
the palm plus the moveable finger (3MTL:CHPLum + CHDL = 1.18:1); the length of the naked
surface of the ischium is equal to the antero-lateral spine interspace (Fig. 2-2C); the length of the
merus is slightly more than half that of the naked surface of the ischium (3MML:3MILns = 0.56:1);
the upper portion of the merus appears smooth while the lower portion is granulated; the surface of
the ischium is evenly granulated.

Abdomen: First segment has a projecting flange at the articulation with the carapace, comprising
slightly less than half the total length of the first segment; first segment narrower at junction with
second segment and successive segments increase in width to the fifth segment then decrease in
width; the sixth segment is equal in length to the rounded seventh segment.

Cheliped: Slender with large spine on each ischium directed forwards and inwards (Fig. 2-2C).
Lower outer margin of each merus with one small spine on distal half as long as the antero-lateral
spine but not as stout, with two large spinules/granules below this; outer surface of merus heavily
microscopically granulated above and below the median area which is sparsely granulated; inner
surface of merus granulated with proximal end more heavily granulated; whole of merus appears
faintly transversely furrowed. Wrist with tuft of setae on the inner surface (Fig. 2-2D), two fifths
of the way down from the trigonal joint with the merus; wrist frontal edge has setae-filled groove
defined by two granular ridges running from level of tuft to end of wrist; broad rugose ridge with
microscopic granules forming short transverse rows along its length defines deep longitudinal
groove along front of wrist; remaining dorsal surface of wrist evenly covered with microscopic
granules and with very faint transverse furrows as in merus; length of wrist is almost as long as
length of 1st to 5th abdominal segments. Palm with upper margin grooved; grooves filled with setae,
as in wrist, but edge of ridges more serrated; a strong, scarcely granular ridge runs parallel to the
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front edge of the palm; another scarcely granular ridge runs obtusely from the moveable finger
across to the lower palm edge near the junction with the wrist where it almost joins with a more
strongly granular narrow ridge that runs longitudinally down the length of the palm and the
immoveable finger; the concave area of the palm delineated by these ridges is rugose with
transverse microscopically granular ridges and has the appearance of faint transverse furrows;
another ridge with a line of short setae, near the lower edge of the palm, runs the length of the palm
to become part of the lower border of the immoveable finger; this ridge is microscopically granular
on the palm but becomes smooth down the length of the pollex; the lower border of the palm has a
setae-lined microscopically granular ridge and the area between these two ridges is abundantly
microscopically granulated; depth (width) of palm is almost equal to length of lower margin
(CHPW:CHPLlm = 0.90:1). Immoveable finger surface is largely smooth and is defined on the
lower border by a setae-lined groove and on the inner cutting edge by 9 irregular to rounded small
teeth proximal to the palm. Immoveable finger length is slightly less than one and a half times the
length of the lower border of the palm. Moveable finger has a broad, flat tooth on the cutting edge,
appearing asymmetrically domed (longest side is towards palm), when viewed from the side and
possessing several faint serrations at the base proximal to palm; a groove along the dorsal surface
of the moveable finger is defined by two ridges running three quarters of the length of the finger,
serrated to level of tooth and scarcely so thereafter; another smooth ridge runs from base of finger
and forms a keel on the outer surface; moveable finger not quite as long as the wrist (CHCL:
CHDL = 1.26:1) but longer than immoveable finger; the ratios of wrist and moveable finger with
respect to the immoveable finger (CHCL: CHPOL) being 1.59:1.18: 1, respectively; moveable
finger more curved than immoveable finger as in typical form; moveable finger tip meets
immoveable finger slightly below the latter’s tip.
Ambulatory limbs: Long and slender; merus of 4th pair covered with microscopic granules denser
near base; carpus microscopically granular and propodus smoother except for faint transverse
furrows; dactyl short, broadly triangular in cross-section, setose, distinctly curved outwards on
distal third and slightly flattened towards tip; ratio of merus length to dactyl length of 4th walking
leg

is

1.54:1;

dactyl

slightly

exceeds

propodus

of

4th

walking

leg

in

length

(4WLDL:4WLPL=1.26:1). Merus of 3rd pair almost as long as 1st to 5th abdominal segments. Meri
of ambulatory limbs have finely serrated ridges on antero-dorsal and ventral edges as well as
postero-ventral edge; these ridges are particularly prominent and macroscopically granular on the
meri of the 3rd walking legs; the ventral regions of the meri are more densely granulated than in the
M. longicarpus; central areas of the meri are weakly transversely furrowed as in cheliped merus.
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Carpi are microscopically granular and the propodi are smoother except for faint transverse
furrows. Dactyls of 1st to 3rd walking legs are smooth with a central ridge on outer surface.

Gonopod: Comprises a flattened three-sided (cross-sectionally triangular) distally tapering shaft,
with its ventral surface both convexly curved and parallel to the crab’s sternum (Fig. 2-3C). The
edges of the triangular shaft are keeled, and each face of the triangular form may have a
longitudinal, length-parallel, broad and shallow runnel, the most prominent being on the dorsallateral face. The basal end of the gonopod has a mesial tapering flange. The shaft tapers in the
distal half and curves at the tip (termed here the distal curvature). The tip is torsioned (or twisted)
at almost 45º out of the plane of the dorsal orientation resulting in the point of the gonopod facing
laterally outwards and parallel to the sternum. The distal curvature is a slightly overturned hook
with a linear callosity on the ventral side adjacent to the sternum. A tuft of long setae arises from
the rounded end of this latter structure. The lateral surface of the shaft below the distal curvature is
spatuloid, i.e., there is a spoon-like concavity on the shaft leading up to the inner curvature. The
extreme distal tip of the gonopod has a pointed triangular chitinous structure. The distal extremity
of the gonopod also is variably fringed by setae, dense enough to completely cover and conceal the
chitinous structure. Lines of setae also may be sparsely distributed on the angular edges of the
shaft, or within the length-parallel runnel. Gonopod length extends from 3rd to 6th segment with tip
being visible just above end of sixth segment.
Colour: When alive, body is coloured sky blue dorsally, on the 3rd maxillipeds and on the
abdominal segments; branchial regions paler with pinkish tinge; all limbs, including chelipeds are
uniformly cream coloured, with no colour patches on the joints. Preserved specimens still retain
some dark blue colouration on the dorsal surface and abdominal segments but otherwise are white
except for small dark tips on the fingers. There is some colour variation with adult males from
Broome having orange coloured limbs and setae and specimens from Monkey Mia, Shark Bay
having salmon pink branchial regions.

All crabs examined in the study area exhibited the

characteristic of uniform colouration of limbs, and absence of colour patches on the limb joints.

Size: The largest adult male measured in this study was from Monkey Mia, Shark Bay, with a CL
of 17.5 mm from the WAM C8038 collection dated 25th August 1960. The smallest adult male or
sub-adolescent (as defined by blue colouration and participation in swarming) from Settlers Beach
near Cossack, had a CL of 7.5 mm, representing a size range of 10.0 mm.
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Variation: Large, older adult males have a more sculptured carapace, distinctly mounded cardiac
hump and robust chelipeds and ambulatory limbs. The shape of the tooth on the moveable finger
may vary with age from very asymmetric and incisor-like to a more rounded, domed profile. The
number of teeth on the cutting edge of the immoveable finger is variable, with 7 - 9 observed in the
paratypes. There is some slight variation in the shape of the front with lateral margins more or less
convex and centre of median lobe more or less obtusely pointed. In juvenile males, the carapace is
more globular, regional grooves less distinct, chelipeds slender with spine on merus poorly
developed or absent, and tooth on moveable finger smaller, or absent; colour brown, becoming
bluer at sub-adolescence. Sexual dimorphism occurs with females - they are smaller than males of
same age, have no tooth on cheliped moveable finger, have obsolete spine on ischium, and their
spine on the cheliped merus is reduced.

2.4.4 Summary of morphological description
Carapace visibly granular; rounded posterior border (viewed dorsally) projecting beyond abdomen;
branchial regions uniformly granular, slightly inflated and overhanging base of ambulatory limbs;
average carapace length 13 mm, CL:CW 1.21:1; antero-lateral spines prominent, recurved, broad,
granular; prominent granular ridges from base of antero-lateral spine, one extending posteriorly to
branchial regions, and another extending downwards to sub-hepatic regions; eyes medium, cornea
not greatly wider than peduncle and one third total eye and peduncle length; front granulated with
convexly curved lateral margins and obtusely pointed median lobe, margins are carinated and
granular; 3rd maxillipeds granulated with merus slightly greater than half the length of the ischium
naked surface; abdomen with first segment flanged at posterior articulation with carapace, 6th
segment is equal in length to 7th segment; cheliped slender, visibly granulated, with well-defined
grooves and granulated ridges; single forward-facing spine on cheliped ischium; single spine on
merus outer margin; length of wrist is almost as long as length of 1st to 5th abdominal segments;
palm with well-defined granular ridges; depth (width) of palm is almost equal to length of lower
margin; immoveable finger length is slightly less than one and a half times the length of the lower
border of the palm; moveable finger not quite as long as the wrist; prominent asymmetrical broad,
domed, largely smooth tooth on cutting edge of moveable finger; merus of 3rd pair of walking legs
almost as long as 1st to 5th abdominal segments; dactyl of 4th pair of walking legs short and
distinctly curved along distal half.
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2.4.5 Description of female paratype (allotype)
Material examined: Paratype: female (CL 10.06 mm, CW 8.15 mm) (VCSRG KB12 swarm) King
Bay, Dampier Archipelago, Western Australia, 20º 38' 16" S, 116º 45' 50" E (WGS84), coll. J.
Unno, 24 Apr. 2003.

Carapace: Sub-globular and granulated, with projecting, rounded posterior border as in male;
CL:CW ratio 1.22:1; anterior spines smaller but more heavily granulated than male holotype with a
row of short bristles running along ridge to branchial regions and a tuft of long setae on short ridge
to sub-hepatic region. Third maxillipeds as in male except ischium appears more granular and
evenly covered with short bristles.

Cheliped: More slender than in male; carpus with longer setae on anterior margin; palm with ridges
as in male; fingers slender and lacking tooth on moveable finger and ridges on immoveable finger.
Walking legs: More slender than in male; dactyl on 4th walking leg curved as in male.

Abdomen: Similar to male but more rounded in profile resulting in a greater body height (BH);
male CL:BH ratio = 1.18:1; female CL:BH ratio = 1.11:1. The seventh abdominal segment is circa
10 % wider than in the male.

Gonopores: Located mesially on third sternal segment; small, simple dentoid spur projecting from
end of third abdominal segment.

Colour: Allotype specimen is bluish-brown. Adult females in life show more colour variation than
adult males with some females bright blue as in the males but many are brown or grey depending
on stage of moulting.

Size range: Adult females are always smaller than males of the same age, being approximately
three-quarters the size of their male counterparts.
Largest female: CW = 12.5 from Shark Bay near Carnarvon Racecourse.
Smallest female: CW = 7.1 from Settler’s Beach, Cape Lambert.

2.4.6 Habitat
Low to medium energy wave-agitated environments with fine to medium (to coarse), sandy to
slightly muddy sand substrates. Gently sloping intertidal shore zones including low gradient
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beaches, high to mid tidal sand flats, mid tidal shoals, tidal creek banks and tidal creek shoals.
Usually in conjunction with a source of organic material such as mangroves or seagrass banks.

2.4.7 Behaviour
A benthic, cryptic species, generally inhabiting the substrate to a depth of 10-15 cm although crabs
will rapidly move deeper if excavated. Females are more cryptic than males, rarely appearing on
the surface.

Subterranean feeding and emergence or re-entry activities by crabs at low tide

produces mounds, tunnels, and rosettes of worked substrate on the tidal-flat surface, and exit holes.
Large numbers of crabs (predominantly adult males) may emerge at low tide to commence surface
feeding and thus, although crabs are behaving individually, may have the appearance of an “army”.
Crabs turn sideways and burrow in a circular motion into the sand using the cheliped and
ambulatory limbs, never the 3rd maxillipeds. Some crabs, if disturbed on the surface during feeding,
will run with sand packed inside and extending the 3rd maxillipeds.

2.4.8 Distribution
Sub-tropical to tropical. Recorded on the mainland coast of Western Australia from Monkey Mia,
Shark Bay 25º 47' 36" S, 113º 43' 18" E (WAM C8038) to One Arm Point, Dampier Peninsula 16º
26' 18" S, 123º 03' 42" E (WAM C39414). Also recorded within this latitudinal range from
offshore islands such as Montebello Is (McNeil, 1926) and Legendre Is, Dampier Archipelago
(WAM C39408). Specimens of Mictyris were examined from the Western Australian Museum
holdings, which were collected further north than One Armed Point in Western Australia and from
the Northern Territory region (north-west of Unwins Island, North Kimberley, WAM C19116, Lee
Point, Darwin, WAM C39389, and West Woody Creek, Gove, NT, WAM C13033) and these
specimens appear to be one species, diagnostically with two large spines on the inner merus of the
cheliped, which does not accord with the characteristics of M. occidentalis or M. longicarpus.
They may be the “Northern Territory” species referred to by McNeill (1926), and noted by Davie
(2002) as being undescribed. No reliable records exist of soldier crab occurrence south of Shark
Bay. McNeill (1926) cites a record of Mictyris from the Swan River in Perth by Miers in 1884 but
this is highly unlikely due to the lack of suitable climate and habitat.

2.4.9 Etymology
The species name is derived from the Latin occidentalis meaning “of the West”, alluding to the
location of the species in Western Australia and distinguishing it from eastern Australian
congeners.
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2.5 Morphological comparison of M. occidentalis with M. longicarpus and M. brevidactylus
In describing M. occidentalis, emphasis has been placed on clearly distinguishing the new species
from other described Mictyris species that may appear superficially similar, which may have
adjoining distribution boundaries, and which have been taxonomically confused in the past, i.e.,
M. longicarpus and M. brevidactylus. M. livingstonei and M. platycheles have limited distributions
on the east coast of Australia and, in addition, are quite dissimilar to M. occidentalis,
M. longicarpus and M. brevidactylus in numerous morphological characters that have been well
described in the literature (Milne Edwards 1852, McNeill 1926, Takeda 1978). M. occidentalis
does exhibit some characters which appear similar to those ascribed to either M. longicarpus or
M. brevidactylus, however, closer examination shows distinct differences. For example, both
M. longicarpus and M. occidentalis have projecting carapace posterior borders when viewed
dorsally, but are morphologically very different when viewed from a ventral or lateral aspect; also,
M. occidentalis and M. brevidactylus have curved 4th walking leg dactyls, however, in the former,
almost the whole length of the dactyl is curved while in the latter, the curve is mainly at the tip of
the dactyl. Biometric data were useful in separating the new species from congeners, supporting
the descriptive analysis.

The three Mictyris species of this study are systematically compared in all major morphological
features in the text below and in Tables 2-4 – 2-6 and Figures 2-4 – 2-7. A summary of major
morphological differences is presented in Table 2-7. The rationale for ordering the species along
the x-axis in Figure 2-7 is based on the biogeographical arrangement of the data from the various
Western Australian sampling sites which are ordered left to right latitudinally from Shark Bay in
the south to the Broome region in the north (subtropical to tropical), effectively spaced in relation
to their relative distance from each other. This logically would place data on M. brevidactylus,
which geographically occurs in the Southeast Asian region, at least 1000 km further north of the
Broome region, even further to the right on the x-axis, and the same distance from Broome that
Shark Bay is from Broome to the south. In this framework, since M. longicarpus occurs along the
eastern Australian coast at latitudes similar to Shark Bay in the south to Broome in the north, the
occurrence of M. longicarpus on the axis of Figure 2-7 logically should be placed over the same
interval as M. occidentalis. However, since it does not form part of a geographic (climatic)
gradient, and occurs in a separate geographic location, M. longicarpus is placed on the far left of
the x-axis. It is also placed to the far left to test the idea that M. occidentalis is intermediate
between M. longicarpus and M. brevidactylus.
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2.5.1 Detailed comparison of diagnostic characters
Body: There is a striking difference in body size between M. longicarpus and the other two species,
the former being approximately 1.5 bigger than the latter. M. longicarpus is generally 25-30 mm in
carapace length, while M. occidentalis and M. brevidactylus are generally only 12-15 mm in
carapace length.

The largest M. occidentalis recorded in this study, among thousands of

individuals examined from along the Western Australian coast, were ten individuals of size circa
17 mm from Monkey Mia.

McNeill (1926) attributes the relatively small size of M. longicarpus var. brevidactylus (what is
now generally considered to be M. brevidactylus) to general reduction in size of species in the
tropical regions. However, this does not explain the consistently greater size of the M. longicarpus
specimens from Townsville, Queensland, a location which is definately in a tropical region.

All three species examined in this study are sub-globular in body shape, with inflated branchial
regions and truncate posterior borders. However, there is a difference between the three species in
the degree of inflation of the branchial region in relation to the base of the walking legs: that of
M. longicarpus does not overlap the base of the walking legs, that of M. occidentalis slightly
overlaps, and that of M. brevidactylus distinctly overlaps, and thus the latter has the most globular
shape. This trend is shown in Figure 2-7A where M. occidentalis is closer to M. longicarpus than
M. brevidactylus in the CL:CW ratio.

M. brevidactylus appears to have the broadest gastric width (GW) of the three species, followed by
M. occidentalis and then M. longicarpus which has the narrowest gastric region. This observation
is substantiated by the antero-lateral spine interspace to posterior border width ratios (Fig. 2-7B).
The posterior border of the carapace, as viewed dorsally, is significantly different in all species.
M. occidentalis has the most noticeable posterior border which is a distinctly horizontally
projecting and convexly rounded structure, densely fringed with long setae; M. longicarpus has a
less projecting, downward-oriented, nearly straight border, densely fringed with short setae and
M. brevidactylus has no projection and a straight-edged border with a very short fringe of setae
(Figs. 2-4B, 2-6A & 2-7F).

Carapace and antero-lateral spines and ridges: M. occidentalis is distinctive in its carapace,
having a visibly more granular carapace that is not smooth to the touch; the other two species have
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a less granular carapace. M. brevidactylus is more granular in the median area of the carapace than
M. longicarpus.

The branchial regions are differently granulated in all the species, with

M. occidentalis having evenly spaced, single macroscopic granules, M. brevidactylus having
macroscopic granular rugae and M. longicarpus having microscopic closely set granules. The
antero-lateral spines and associated ridges (posteriorly to branchial regions and downwards to subhepatic regions) are diagnostic in M. occidentalis as they are visibly granular and prominent (Fig.
2-5A).

In M. longicarpus, the antero-lateral spines are prominent but have few granules at their bases and
the ridges are ill-defined and only microscopically granular, while M. brevidactylus has less
prominent and granular antero-lateral spines and the associated ridges are significantly less
granulose (Figs. 2-5B & 2-5C).

Front and eyes: M. longicarpus is distinctive in having large globular eyes on stout peduncles (Fig.
2-5B) and a narrow-appearing front that has nearly straight lateral margins with the front width
equal to front length. In contrast, M. occidentalis and M. brevidactylus have smaller eyes, but
similar in size to each other. However, M. occidentalis has a narrower front (front length is four
fifths front width) than M. brevidactylus. M. brevidactylus has the broadest front (front length is
two thirds front width) of the three species (Fig. 2-7D). M. occidentalis exhibits greater granularity
in its front than the other two species, especially on the epigastric ridges and the front margins (Fig.
2-4A).
Third maxillipeds: All three species are divergent in the relative proportions of the 3rd maxilliped
merus and ischium, i.e., the length of the merus in relation to the length of the naked surface of the
ischium. The merus is slightly greater than half the length of the naked surface of the ischium in
M. occidentalis, equal in M. brevidactylus and slightly less than half in M. longicarpus. The 3rd
maxilliped is also macroscopically granulated in M. occidentalis and microscopically granulated in
M. longicarpus and M. brevidactylus.

Abdomen: The size and morphology of the first abdominal segments of all three species are
different (Figs. 2-5D – 2-5F). Since they underlie the posterior border, the differences of the first
abdominal segments reflect the markedly differing posterior carapace borders of the three species.
All the species have an upwards slope in the posterior part of this first abdominal segment.
However, in the posterior part towards the carapace border, M. occidentalis has a broad (almost
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half the length of the first segment) flat flange or platform projecting more horizontally outwards
than downwards (Fig. 2-5D). The carapace also projects outwards more than downwards to meet
the abdominal segment with a minor vertical overhang (Fig. 2-3C). In M. longicarpus, on the other
hand, the first abdominal segment slopes linearly upwards for the entire length of the segment,
without a distinct platform, to join the carapace; the lower portion of the carapace forms a
vertically-long overhang, projecting slightly out and more vertically downwards to connect with the
first abdominal segment (Fig. 2-5E). M. brevidactylus has a first abdominal segment with a short,
strongly curved upward slope that meets the carapace which has a minuscule overhang (Fig. 2-5F).

Chelipeds: M. occidentalis differs in cheliped morphology from the other two Mictyris species in
five aspects: 1. a greater degree of granulation on the outer surface of the wrist and the inner
margins of the merus; 2. the length of the wrist is shorter than M. longicarpus (M. longicarpus is
well-named), but longer than M. brevidactylus; 3. the width of the wrist is more slender than both
species (Fig. 2-7E); 4. the palm is less wide; and 5. the length of the moveable finger is shorter. Of
the three species, the structure of the cheliped of M. occidentalis most resembles that of
M. longicarpus in the proportions of the immoveable finger, (c.f. Table 2-4) and the shape of the
tooth on the moveable finger. While M. longicarpus is similar to M. brevidactylus in three of their
cheliped ratios (1. the cheliped width is twice the wrist length; 2. the moveable finger is almost
equal to the length of the wrist; and 3. the width of the palm is equal to the length of the lower palm
border), the cheliped ratios of M. occidentalis are dissimilar in all respects to those of
M. brevidactylus. Significant ratios of cheliped features are presented in Table 2-4 and Figure 2-7E
and chelipeds of the three species are illustrated in Figure 2-4D. In adult males, the tooth on the
moveable finger is asymmetrically domed in M. occidentalis, conical in M. longicarpus and
asymmetrically serrated in M. brevidactylus (Fig. 2-4D).
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Table 2-4
Comparison of cheliped morphology
M.
occidentalis
2.49:1

M.
longicarpus
2.01:1

M.
brevidactylus
1.99:1

CHPOL:CHPLl
m

1.45:1

1.42:1

1.00:1

immoveable finger is ~ 1 ½
times length of palm lower
margin in M. occidentalis. &
M. longicarpus but equal in
M. brevidactylus

CHDL:CHCL

0.82:1

0.90:1

0.94:1

moveable finger much
shorter than wrist in M.
occidentalis, slightly shorter
in M. longicarpus and almost
equal in M. brevidactylus

CHPOL:CHCL

0.71:1

0.75:1

0.58:1

immoveable finger is ~ ¾
length of wrist in M.
occidentalis & M.
longicarpus but ~ ⅔ in M.
brevidactylus

CHPW:CHPLlm

0.80:1

0.90:1

0.91:1

CHPW:CHPOL

0.64:1

0.66:1

0.75:1

palm width < length of palm
lower margin in M.
occidentalis and almost
equal in M. longicarpus &
M. brevidactylus
palm width is ⅔ length of
immoveable finger in M.
occidentalis & M.
longicarpus but ¾ in M.
brevidactylus

CHCL:ALSI

1.30:1

1.51:1

1.15:1

Cheliped ratios
CHCL:CHCW:

Explanation of ratios
wrist length is 2 ½ times
wrist width in M.
occidentalis and ~ 2 times in
M. longicarpus & M.
brevidactylus

wrist length is 1 ⅓ times
antero-lateral spine
interspace in M.
occidentalis, 1 ½ times in
longicarpus and almost
equal in M. brevidactylus
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Walking legs: All three species show similarity in the slenderness of the walking legs. The most
useful diagnostic features of the legs for comparative purposes are the dactyl of the 4th walking leg
with respect to its shape and length in relation to the propodus of the same limb, and the merus of
the 3rd walking leg with respect to its total length. M. longicarpus is easily distinguished from the
other species, with its long, relatively straight 4th WL dactyl (4WLDL: 4WLML = 1.22: 1).
M. occidentalis and M. brevidactylus both have short, curved 4th WL dactyls, however,
M. brevidactylus is slightly the shorter (1.65 times the merus length as opposed to 1.50 times in
M. occidentalis) and the dactyl of M. occidentalis has a greater curvature (Fig. 2-4C & Fig. 2-7C).
M. occidentalis and M. brevidactylus are similar in having the length of the 3rd WL merus equal the
length of the 1st to 5th abdominal segments, while that of M. longicarpus equals the 1st to 6th
abdominal segments.

Gonopods: The gonopods of Mictyris examined in this study, though broadly similar, show some
discernible differences between the species. A gonopod of M. occidentalis is illustrated in Figure
2-2F. The key features that help to distinguish between the three species are: beginning point of
torsion on shaft (viewed on the anterior surface); extent of curvature of the tip of the shaft; length
of the chitinous structure relative to the diameter of the distal end of the shaft; extent of
development of the concavity of the spatuloid shape; the extent of development of the keel; and the
development of the longitudinal furrow. Setae and their extent of development did not appear to be
species-diagnostic except that M. brevidactylus was sparsely setose on the shaft. A comparison of
the three species is provided in Table 2-5 and Figure 2-6B.
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Table 2-5
Comparison of gonopod morphology
M. occidentalis
M. longicarpus
begins at midpoint of
begins just before curve
shaft
of tip

M. brevidactylus
begins at three-quarters
of length of shaft

curvature of the tip
of the shaft

curved with slightly
extended tip

curved with short
hooked tip

curved with distinctly
extended tip

description of the
chitinous structure

long and thin

long and thick

short and thin

location of the
chitinous structure

in line with the apex of
curvature of the shaft

below the apex of the
curvature of the shaft

in line with the apex of
curvature of the shaft

concavity of the
spatuloid shape

well developed

moderately developed

weakly developed

keels

prominent

prominent

present, but weakly
developed

furrows

prominent

prominent

weak

setae

along shaft and well
developed at tip

along shaft and well
developed at tip

generally sparse along
shaft, but well
developed at tip

length

from 3rd abdominal
segment to just above 6th
segment (visible)

from 3rd abdominal
segment to below top of
6th segment (not always
visible)

from 3rd abdominal
segment to just above 6th
abdominal segment
(visible)

Gonopod feature
torsion of shaft

Of the three congeners, the gonopod of M. occidentalis exhibits the greatest degree of torsion with
the twist beginning at the midpoint of the shaft rather than higher towards the distal end as in the
other species. In general appearance, the gonopod of M. occidentalis has greater similarity with
M. brevidactylus than with M. longicarpus in that the head of the distal curve is longer, although
not to the extent of M. brevidactylus. However, the shaft shows greater similarity to that of
M. longicarpus with prominent keels and furrows.
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Gonopores: Gonopores of the three species share the same feature common to the genus of being a
cavity overhung on the mesial side with a projection or spur formed from the end of the 3rd
abdominal segment. The greatest variation in the gonopores is in size and complexity of the spur
ranging from an almost obsolescent, pointed spur in M. brevidactylus, to a small, blunt spur in M.
occidentalis, to a large, complex spur in M. longicarpus (Table 2-6).

Table 2-6
Comparison of gonopore morphology
Gonopore
feature
size of spur

M. occidentalis
small

M. longicarpus

M. brevidactylus
almost obsolescent

large

shape of spur

simple, dentoid, blunt
point

multifurcate, dentoid,
blunt point

simple, sharp point

setae

sparse fringe

dense short fringe at end

very sparse

A summary of the major morphological similarities and differences of the three Mictyris species
considered in this study is presented in Table 2-7.
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Table 2-7.
Summary of major differences between Mictyris species
Species Character
carapace

M. occidentalis
macroscopically granular, not smooth to
touch

M. longicarpus
appears smooth, microscopically
granular, smooth to touch

M. brevidactylus
sparsely granulated, not
entirely smooth to touch

branchial regions

moderately inflated, slightly
overlapping base of walking legs;
macroscopically granular with single
granules

slightly inflated, not overlapping
base of walking legs;
microscopically granular

distinctly inflated, overlapping
base of walking legs;
macroscopically granular with
rugae

posterior border

distinctly projecting and convex

projecting, slightly sinusoidal

not projecting, straight

antero-lateral spines and
ridges

broad and granular, recurved, oriented
outwards more than upwards;
prominent granular ridge running
backwards to branchial region and
another short, strongly granular ridge
downwards to sub-hepatic region

prominent, recurved, oriented
outwards more than upwards;
smooth except for sparse granules
at base; ill-defined ridge running
backwards to branchial regions and
another short, microscopically
granular ridge downwards to subhepatic region

prominent, recurved, oriented
upwards more than outward;
sparsely granular, sparsely
granular ridge running
backwards to branchial regions
and another short,
microscopically granular ridge
downwards to sub-hepatic
region

front

broad, convexly curving laterally

narrow, straight laterally

very broad, straight laterally

eyes

medium, globular

large and globulose; stout peduncle

small, globular
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Table 2-7 cont.
Species Character
third maxillipeds

M. occidentalis
lower part of merus and all of ischium
heavily granulated; length of merus
slightly more than half that of naked
surface of ischium

M. longicarpus
microscopically granulated; length
of merus less than half that of naked
surface of ischium

M. brevidactylus
microscopically granulated;
length of merus half that of
naked surface of ischium

Abdomen

7th segment equal to 6th

7th segment longer than 6th

7th segment equal to 6th

Chelipeds

wrist and palm slightly more slender;
front surface of wrist and margins of
merus visibly granulated; narrower
palm and shorter moveable finger;
fingers tapering at ends; slightly
asymmetrical domed tooth on moveable
finger with faint serrations on side
proximal to palm

Wrist and outer surface of palm
smooth; fingers long and robust;
large conical tooth on moveable
finger

carpus and palm wide; fingers
short (immoveable finger
almost equal length of lower
palm) and sturdy; broad,
serrated asymmetrical tooth on
moveable finger

walking legs

merus of 3rd pair as long as 1st to 5th
abdominal segments; dactyl of 4th
walking leg short, setose and distinctly
curved over distal third

merus of 3rd pair as long as 1st to 6th
abdominal segments; dactyl of 4th
walking leg long and slightly
curved at tip

merus of 3rd pair as long as 1st
to 5th abdominal segments;
dactyl of 4th walking leg short
and distinctly curved at tip

gonopods

sturdy shaft, slender tip stout, keeled,
long distal curve, prominent chitinous
tip

stout, short distal curve, prominent
chitinous tip

slender, very long distal curve,
short chitinous tip

gonopores

small, simple spur

large, setose, multifurcate spur

almost obsolete simple spur
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Figure 2-4 (next page). Comparative anatomy of Mictyris occidentalis, M. longicarpus, and
M. brevidactylus No. 1. In each diagram, for M. occidentalis, individuals from Shark Bay, King
Bay (Dampier Archipelago), and Broome are illustrated to show intra-species and geographic
variation.
A. The anterior front view of the three species showing: shape of front and the extent of
granulation along its edge; eyes and relative size of cornea and peduncle; antero-lateral spine
and the extent of its granulation; and the extent of granulation of the dorsal carapace; inset
illustrates the differences between the three species by focusing on the shape of the front, and
the orientation and extent of granulation of the antero-lateral spine.
B. Shape of the posterior border, and extent that the posterior border extends past the point of
insertion of the 4th walking leg.
C. Dactyl of the 4th walking leg: M. occidentalis is relatively short and curved, M. longicarpus
is relatively long, and M. brevidactylus is short and curved but more slender than that of
M. occidentalis.
D. Chelipeds: M. occidentalis has a serrated edge on the inside of the immovable finger of the
propodus, and a single domed tooth on the inside of the dactyl; M. longicarpus also has a
serrated edge on the inner surface of the immovable finger of the propodus, and a single conical
tooth on the inside of the dactyl; M. brevidactylus lacks a serrated edge on the inside of the
immovable finger of the propodus, and has an asymmetrical blade-like, triangular single tooth
on the inside of the dactyl that is serrated on its proximal edge and smooth on its distal edge;
inset diagrammatically illustrates the differences in the tooth on the inside of the dactyl for the
three species.
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Figure 2-5. Comparative anatomy of Mictyris occidentalis, M. longicarpus, and
M. brevidactylus No 2. A-C. Dorsal view of carapace front for each of the species showing the
differences in granulation of the carapace, granulation of the front, the length and thickness of
the peduncle, the size of the eyes, and the variation in granulation of the antero-lateral spines.
D-F. Ventral view of 1st abdominal segment showing the variation in its plan shape between the
species, the extent that depressions and ridges comprise the form, and the extent of
development of setae along the posterior margin.
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Figure 2-6. Comparative anatomy of Mictyris occidentalis, M. longicarpus, and
M. brevidactylus No 3. A. Variation in the profile shape of the posterior border. Cross section
of carapace shows where the detailed drawings of the posterior border are located. Individual
drawing shows a prominent sloping platform for the posterior border for M. occidentalis, a
steep, relatively high protrusion for M. longicarpus, and a short sloping platform for
M. brevidactylus. B. Lateral view of G1 gonopod showing anatomical features.
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Figure 2-7 (next page). Ratio of various anatomical features of Mictyris occidentalis,
M. longicarpus, and M. brevidactylus. The grey band in each graph shows the variation in
value of the ratio for the holotype and the 14 paratypes of M. occidentalis, based on three
latitudinally widespread sites, with 5 male crabs from each site.
A. The ratio of carapace length to carapace width which shows M. longicarpus and
M. brevidactylus are just outside the degree of variation of the ratio for M. occidentalis.
B. The ratio of antero-lateral spine interspace to posterior border width with M. longicarpus
and M. brevidactylus just outside the degree of variation of the ratio for M. occidentalis, and
with M. occidentalis intermediate in value to those of the other two species.
C. The ratio of 4th walking leg merus length to 4th walking leg dactyl length, with
M. longicarpus and M. brevidactylus definitively outside the degree of variation of the ratio for
M. occidentalis, but with M. occidentalis intermediate in value to those of the other two
species.
D. The ratio of front width to front length with M. longicarpus and M. brevidactylus
definitively outside the degree of variation of the ratio for M. occidentalis, but again with
M. occidentalis intermediate in value to those of the other two species.
E. The ratio of cheliped carpus length to cheliped carpus width with M. longicarpus and
M. brevidactylus definitively outside the degree of variation of the ratio for M. occidentalis, but
with M. occidentalis not intermediate in value to those of the other two species.
F. The ratio of 4th walking leg merus length to posterior border length; M. longicarpus is similar
to M. occidentalis, and M. brevidactylus definitively outside the degree of variation of the ratio
for M. occidentalis.
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2.6 Species Key

A key to distinguish the adult males of the five described species (as at 2008) of Mictyris
Latreille, 1806 including the three species considered in this chapter, is presented below:

Key to Mictyris Latreille, 1806
A1.

Posterior border of carapace conspicuously produced and overlapping abdomen

B1.

Carapace macroscopically granular, antero-lateral spines and ridges prominent, and

strongly granular, branchial regions overlapping base of legs, dactyl of 4th WL distinctly curved
along distal third, normal eyes, average size, 12 mm CL
……………………....………………………………………………..........occidentalis

B2.

Carapace not macroscopically granular, appearing smooth; branchial regions not

overlapping base of walking legs; antero-lateral spines recurved, without strongly granular
ridges, dactyl of 4th WL straight with slightly curved tip; large globulose eyes, large size, 20-30
mm CL
……………………………………………………………..........................longicarpus

A2.

Posterior border of carapace produced but not overlapping abdomen; carapace covered

with whitish tubercules, branchial regions dorsally swollen, average size 16 mm CL
……………………………………….…………………………………..…..platycheles

A3.

Posterior border of carapace not conspicuously produced

B1.
Prominent broad serrated tooth on cutting edge of moveable finger; granular ridge
from antero-lateral spine posteriorly to branchial region, red bands on legs, average size 12 mm
CL…………………………….……………..…………………………........brevidactylus
B2.

Obsolete tooth on cutting edge of moveable finger; no ridge from antero-lateral spine

posteriorly to branchial region, small eyes, average size, 11 mm CL
…………….………………………………………........................................livingstonei
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2.7 Discussion and conclusions

Qualitative and biometric data point to the Western Australian form of Mictyris as a new
species. It is morphologically distinct, and can be readily distinguished from M. longicarpus by
its smaller size, rounded and projecting posterior border, more granular carapace, more inflated
branchial regions, prominent ridges extending from the antero-lateral spines, broader front, and
short, curved dactyl on the 4th walking leg; and from M. brevidactylus by its projecting
posterior border, more granular carapace, less inflated branchial regions, prominent ridges
extending from the antero-lateral spines, narrower front and domed tooth on moveable finger of
cheliped.

The ratios of morphological features of M. longicarpus and M. brevidactylus determined in this
study corroborate the ratios for these species determined in earlier studies by Latreille (1806),
Stimpson (1858), and McNeill (1926). Many of the ratios appear to be species-diagnostic (viz.,
the ratios of carapace length to carapace width, antero-lateral spine interspace to posterior
border width, front width to front length, and 4th walking leg merus length to dactyl length) and
are significantly different between all three species. Additionally, M. occidentalis is clearly
distinguished by the ratio of cheliped carpus length to cheliped carpus width, while the ratio of
the merus length of the 4th walking leg to the posterior border length discriminates
M. brevidactylus from the others (Fig. 2-7).

Some authors (e.g., McNeill 1926) have considered the Western Australian form of Mictyris
(M. occidentalis of this chapter) to be a morphological intermediate between M. longicarpus
and M. brevidactylus, and to test this idea, ratio data are presented in graphical form (Fig. 2-7)
with data on M. occidentalis placed on the x-axis between the two congeners. Placement of the
reduced data of ratios in this order in Figure 2-7 illustrates some significant patterns: for the
ratios of carapace length to carapace width (Fig. 2-7A), the antero-lateral spine interspace to
posterior border width (Fig. 2-7B), the 4th walking leg merus length to 4th walking leg dactyl
length (Fig. 2-7C), and the front width to front length (Fig. 2-7D), M. occidentalis indeed
appears to be intermediate between M. longicarpus and M. brevidactylus. However, for the
ratios of cheliped carpus length to cheliped carpus width (Fig. 2-7E) and 4th walking leg merus
length to posterior border length (Fig. 2-7F), M. occidentalis does not appear to be intermediate
between M. longicarpus and M. brevidactylus. Similarly, other morphological features of the
three Mictyris species do not support the idea that M. occidentalis is an intermediate between
M. longicarpus and M. brevidactylus. These include, for instance, some of the morphological
features of the gonopods (Table 2-5), as well as the ratio of the cheliped carpus length to
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cheliped carpus width, the ratio of the 4th walking leg merus to the posterior border length the
shape of the posterior border, the shape of the 1st abdominal segment, and the degree of
granularity of the carapace, the morphology of the antero-lateral spines, the shape of the front,
and the granularity of the 3rd maxilliped.

In summary, while M. occidentalis shows some morphological similarity to M. longicarpus,
and another set of similarities to M. brevidactylus, it has some of its own unique features. It is
considered not to be an intermediate between M. longicarpus and M. brevidactylus.

The focus on comparing the morphology of the three species in this study has provided
interesting information as to where the major variations in the characters of the genus occurs.
These characters are: the arrangement of the carapace posterior border-first abdominal segment
interface; the degree of inflation of the branchial region; the extent of granulation on the
carapace; the form and granulation of the antero-lateral spine; the prominence of the branchial
and sub-hepatic ridges extending from the antero-lateral spines; the shape and size of the tooth
on the moveable finger; and the shape and size of the dactyl of the 4th walking leg. They appear
to be the characters that consistently vary, though in different forms, from species to species.
Of these, the arrangement of the carapace posterior border - first abdominal segment interface
is the most significant, and hence it is used as the first morphological criterion in the key to
differentiate the species.

On the other hand, there are numerous other morphological features that do not vary markedly
between species. Setting aside the tooth on the moveable finger, the shape of the chelipeds and
the general pattern of the cheliped ridges and grooves appear to be relatively consistent unlike
the major cheliped of the Ocypodid crab Uca which can vary greatly in form between species
(Crane 1975; George & Jones 1982).

Similarly, the general structure of the abdominal

segments (except for the 1st segment), and the 1st to 3rd walking legs seem to be similar between
the three Mictyris species of this study. As such, these features are not afforded significant
status in differentiating between the species.

In terms of biogeography and regional species variation, the graphs of ratios of morphological
features in Figure 2-7 highlight some interesting patterns. While there appear to be trends in
ratios between the three congeneric species, as discussed earlier, there is a relative consistency
in results for M. occidentalis for five ratios across a latitudinal spread of 17°S to 25°S (a
distance of circa 1000 km), supporting observational data for a monospecific distribution from
Shark Bay to Broome, and indicating for most of the morphological features, little variation
across the biogeographic range of the species.

As such, any morphological deviation of
68

M. occidentalis from the other congeners becomes significant. The nearest occurrence of a
described congener to M. occidentalis is M. brevidactylus and the morphological features for
M. occidentalis and M. brevidactylus reflected in the ratios of Figure 2-7D - 2-7F are relatively
consistent for M. occidentalis over its geographic range, but definitively different for
M. brevidactylus over the same geographic distance, thus corroborating that there are two
separate forms.

Even putting aside their reproductive morphological differences, given the fact that populations
of M. brevidactylus are some 1000 km further north of any M. occidentalis populations, and
that the nearest occurrence of M. longicarpus is several thousand kilometres to the east in
Queensland, these three congeners, occurring in separate, non-overlapping geographic areas,
clearly are unable to cross-breed, and are therefore allopatric. In this context, M. occidentalis,
is geographically limited to the northwest coast of Western Australia and hence is endemic.
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CHAPTER 3
3. Ichnological studies of the Western Australian soldier crab
Mictyris occidentalis Unno 2008:
correlations of field and aquarium observations

3.1 Introduction
The soldier crab Mictyris occidentalis Unno occurs extensively along the coast of Western
Australia between Shark Bay and the Broome region (Fig. 3-1). The prevailing perception is
that this crab, in common with other soldier crabs belonging to Mictyris elsewhere in the world,
forms “armies” emergent above the sediment surface (Cowels 1915; Cameron 1966; Yamguchi
1976) and, indeed, while there is a part of the life cycle of M. occidentalis during which it does
present itself for part of the low tide as vast numbers of individuals at the surface, in fact the
species spends most of its life in-faunal (cryptic) in the substrate. However, whether in-faunal,
or emergent for short periods, this crab leaves a plethora of biogenic sedimentary structures as
evidence of its complex behaviour that is useful information in the construction of its life stages
and various activities it undertakes, and in interpreting fossil evidence of the species.

Ichnology is the study of animal traces, particularly those of fossil organisms (Frey 1975;
Ekdale et al. 1984; Bates & Jackson 1987). Students of modern sedimentary environments
began to apply the term “ichnology”, originally defined for fossil traces, to modern traces, and
as a result, the distinction between modern and fossil traces became blurred. More recently, the
discipline of ichnology has been formally subdivided into neoichnology (the study of modern
traces [Garrison et al. 2007]), and palaeoichnology (the study of fossil traces). The term
“ichnology” is used in the sense that it is the study of traces, and that it is an umbrella term to
encompass both “neoichnology” and “palaeoichnology”. However, throughout the chapter,
while the terms “ichnology” and “ichnological” are used, the reader should be aware that
products of the modern soldier crab fall into the realm of neoichnology.
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Figure 3-1. Location of study sites. A. General location of soldier crab M. occidentalis along
the Western Australian coast (grey line), and location of study sites. Note that the occurrence
of M. occidentalis will not be continuous along the coast but related to available habitat. B.
Location of study sites in the Dampier Archipelago region. C. Location of soldier crab habitat
in southern King Bay, the Dampier Archipelago. D. Surface of habitat in southern King Bay
showing sting-ray pocked surface.
Ichnology has long been an important discipline in the tool kit of zoology. The identification
and description of species-specific mammal and reptile burrows, scats and other traces, for
instance, have assisted in the surrogate identification of the presence of species, and to interpret
their behaviour (Triggs 2004; Southgate 2005; Thompson & Thompson 2007a, 2007b).
Similarly, burrows and other traces of invertebrate fauna have been studied as part of their
ecology, autoecology, sedimentology and biogeochemistry, especially in tidal marine
environments (Frey 1975; Reineck & Singh 1980; Carney 1981; Ekdale et al. 1984). All such
ichnological studies, whether of vertebrate or invertebrate fauna, have provided invaluable
insights into the ecology, autoecology, and animal-habitat relationships for those species
investigated (McCall & Tevesz 1982), and the more detail that has been garnered, the more
insights have flowed from such work.
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To my knowledge, to date, no studies have comprehensively described the ichnology of
Mictyris, i.e., all of its burrowing, foraging, and trace-producing activities. If they have any
ichnological component in their scope, most studies have focused on only one aspect of soldier
crab ichnology (such as its burrow structure; Takeda & Murai 2004), or have briefly described
ichnological products as background information to autoecological studies (Quinn 1983; Rossi
& Chapman 2003) and ecological impact studies (Dittmann 1996; Sadao 2001; Sadao 2002;
Webb & Eyre 2004). Ichnological features in their own right are important aspects of the
soldier crab life history and autoecology. A study of soldier crab ichnological features can
assist researchers in a number of ways, e.g., to determine the presence of soldier crabs even
though they may not be emerging during a particular (settlement or early to middle) stage of
their life cycle, to determine what is the predominant life stage of the population at the time of
observation (qualitatively determining the relative abundance of juveniles to adults), and to
determine the extent of patchy crab foraging activity on the tidal flat, and hence information
about crab behaviour. Ichnology and ichnological products also form the basic temporal and
sedimentologic framework to designing further studies on soldier crabs in regards to crab-andsediment relationships, soldier crab predator associations, relationships, and responses, soldier
crab accessing and processing of food, nutrient recycling, and geobiochemistry, amongst others.

In this project, the need for laboratory/aquarium studies grew from field observations and
experiments where it became difficult to determine and explain the apparent lateral movement
of soldier crab populations suggested by the patchy patterns of activity of the populations, and
the various patterns of the biogenic traces. The aquarium studies added to and corroborated
field observations, allowing proper interpretation of the latter since the crabs in the aquarium
directly and unequivocally replicated ichnological patterns observed in the field. Also, the
aquarium studies provided insights into soldier crab behaviour not readily apparent on the tidal
flat, such as behaviour during times of inundation at high tide. The results of the field and
ichnological aquarium studies additionally provided data to interpret the former presence of the
soldier crabs from their traces. Such information is useful in interpreting Pleistocene tidal flat
rocks, and (earlier) Holocene beach rocks, thus pointing to the presence of Mictyris populations
in the past.

Previous work on crab behaviour in aquaria has been undertaken for other species, e.g., Dotilla,
Uca, and Portunus (Palmer 1973; Avent 1975; Crane 1975; Phillips & Cannon 1978; Furota
1996; Takeda et al. 1996; Nakasone & Murai 1998; Pope 2000; Rodriguez et al. 2000;
Yamaguchi 2001; Arshad et al. 2006; Koukkari & Sothern 2006), and they have been useful in
documenting biorhythms of particular species with respect to tidal cycles and useful to studies
of
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other behavioural aspects. Some studies have been undertaken on species of Mictyris in the
aquarium, but these have tended to focus on physiological aspects of a given species (Kelemec
1979; Quinn 1986; Maitland & Maitland 1992; Ahsanullah & Ying 1993; Henry 1994). To
date, no aquarium investigations have involved the ichnology of Mictyris as presented in the
current study.

Attention should be given to the work of Knox & Miller (1985) who similarly used aquarium
studies to correlate with and interpret field observations, and showed that the one organism can
produce a range of ichnological products (though the variability of the ichnological products in
their study was not due to variable behaviour, as is the case in this present study, but to the
organism interacting with a variable sediment). Using gastropods, Knox & Miller (1985)
investigated the environmental controls on the gastropods’ trails and showed that different
morphology could be generated under different environmental conditions. In the aquaria, with
sediment of various grainsizes, composition, and consolidation, they found that the one species
of gastropod produced trails that varied in depth (of ploughing), cross-sectional shape, and
traverse ridging. The authors could relate these laboratory results to tidal flat sub-environments
that also varied in sediment properties.

The purpose of this chapter is to describe comparatively the behaviour and the variety of the
ichnological products of Mictyris occidentalis both in the aquarium and on the tidal flat, and to
describe those traces useful for interpreting M. occidentalis behaviour and life patterns in the
field. The chapter begins with description of the behaviour of the crabs on the tidal flat to
provide a background setting for the species, and the types of ichnological products that the
crab generates, as a baseline for what to expect and what to explain in the aquarium studies.

In this chapter, the ichnological patterns of the Western Australian soldier crab in the field and
in the aquarium are described to a level of detail not previously provided for a Western
Australian tidal-flat marine organism. This was undertaken because M. occidentalis yields a
complexity of ichnological products that, in addition to being genus-specific, reflects its
ontological stage, and complex behaviour related to the stage of the tide. The results have been
invaluable, supplementing studies on the biogeography, ecology, and autoecology of M.
occidentalis in Western Australia.
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3.2 Terms and definitions

Since soldier crabs, as a result of their unique behaviour in their subsurface feeding and surface
foraging, leave characteristic imprints on the tidal flat as various structures which can later
become palaeoichnological traces, it is necessary to define appropriate terms. Some soldier
crab-created structures can be related to terms already existing in the general literature, e.g.,
back-filled burrow, while terms employed for Mictyris biogenic structures by other authors are
briefly mentioned and if they are not employed here, reasons are given. The terms used in this
chapter are presented with definitions in Table 3-1.

Table 3-1.
Terms and definitions employed in this chapter for soldier crab biogenic structures on or
in the substrate
Term
back-filled
burrow

Definition in this chapter
vertical to horizontal, cylindrical tube generally 1015 mm diameter, of disturbed sediment; a burrow that
has been back-filled with sediment by an in-faunal
vagile crab

Previously used terms
term already established in the
ichnological literature

cavity

small, unattached, equant (up to 2 cm across), to
linear (up to 4 cm long), air-filled hole in sediment
occupied by soldier crab in the subsurface; air bubble
may have a thin layer of geopetal muddy water on the
bottom during high tide inundation; size of cavity
depends upon size of crab; a specialised type of
burrow formed in the subsurface by soldier crabs in
all stages of their life cycle

burrow; however, the term “burrow”
on its own is too broad to be applied
to the range of specialised structures
described herein; also the term
“burrow” often carries implication
that the structures are linearly
extended; the term “igloo” has been
used for a pellet-roofed air-filled
chamber just beneath the sand surface
for a species of Dotilla (Takeda et al.
1996); this term does not convey the
notion of the deeper subsurface
cavities encountered in this study, and
so is not used here

circular
pustular
structure

elevated (2-10 mm relief), circular area, 1-5 cm in
diameter, composed of packed excavation pellets or
packed discard pellets (see below for general
“pustular structure”); generated by a subsurface crab
not laterally mobile, i.e., formed from below in a
single place; isolated, individual pustular structure
also referred to as “pustule” in this chapter

coined in this chapter

clot

small (< 3 mm) lump(s) of sand on tidal-flat surface
pushed up mainly by a very small juvenile crab
(< 3 mm) that is residing in a cavity, or feeding just
below the sediment surface; clot size related to crab
size

coined in this chapter
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Table 3-1 cont.
Term
crater

Definition in this chapter
roughly circular raised ring of sand surrounding a
central depression, produced by the circular
burrowing motion of a crab

Previously used terms
coined in this chapter

dactyl print

short, narrow impression in fine sand or mud film on
sediment surface made by dactyl of walking leg;
several dactyl prints in line comprise a track

coined in this chapter

discard pellet

single round ball of sand formed from sand filtered in
the buccal cavity; it is placed on the tidal flat surface
during the surface feeding activity of the crab, or
placed from below from within a surface-parallel
tunnel onto/into the surface by the feeding activity
and/or excavation from the tunnel; size of the pellet
depends on crab size - they range in size from 25 mm, but tend to be similar in size for a given age
group; a crab with a carapace length of 6 mm will
construct a pellet of 2 mm, and a crab of carapace
length of 15 mm will construct a pellet of 5 mm

pseudofaecal pellet (Cameron 1966,
Quinn 1983): this term is not used in
this chapter as it describes not what
the ichnological product is, but what
it resembles

eruption
structure
excavation
pellet

flange or lip of sand surrounding an exit hole

coined in this chapter

single round ball of sand formed by the crab as it
excavates sediment usually to form a surface-parallel
tunnel; the ball of sand is placed from below onto/into
the surface, with other such pellets, to form the roof
of the subsurface tunnel; size of the pellet depends on
crab size - they range in size from 2-8 mm; generally,
the excavation pellet is not as cohesive as a discard
pellet

coined in this chapter

exit hole

circular opening 5-15 mm in diameter created by a
crab exiting the substrate and commencing surface
activities; may be on the undisturbed sediment surface
or within a pustular structure
vertical or inclined tunnel to the surface 20-50 mm
long and up to 10 mm diameter generally constructed
by adult crabs; may be manifest at the surface by an
exit hole or a rosette, or a pustular structure; a
specialised type of burrow formed by a crab exiting
the sediment

coined in this chapter

hollow shaft

linear pustular
structure

elevated (2-10 mm relief), linear, oblate, to sinuate, to
multifurcate area composed of packed discard pellets
and excavation pellets (see below for general
“pustular structure”); they are 1-3 cm wide and up to
20 cm long; generated by a subsurface crab that is
laterally mobile; isolated, individual linear pustular
structure also referred to as “linear pustule” in this
chapter

burrow; however, the term “burrow”
on its own is too broad to be applied
to this specialised soldier crab
structure

coined in this chapter
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Table 3-1 cont.
Term
pustular
structure

Definition in this chapter
general term for any elevated (2-10 mm relief),
circular, linear, oblate, to sinuate, to multifurcate, or
matted area composed of packed discard pellets and
excavation pellets; three types are recognised: (1)
circular types; (2) linear, oblate, to sinuate, to
multifurcate types; and (3) mat types; isolated,
individual pustular structure also referred to as
“pustule” in this chapter

Previously used terms
hummock (Quinn 1983; Webb &
Eyre 2004); the term hummock is
used to describe the macroscale
mounds on the tidal-flat surface
produced by stingray feeding

mat pustular
structure

elevated (2-10 mm relief) area of disturbed sediment
composed of coalesced circular, linear, oblate, to
sinuate, to multifurcate pustular structures; the mats
can range in size from circa 20 cm to tens of metres

coined in this chapter

rosette

isolated, somewhat circular, raised mound, usually 34 cm in diameter, comprising a central plug and an
outer ring that has a vague radial structure; formed by
crab burrowing into the sediment for re-entry,
excavating and disposing of the sand radially as it
corkscrews into the sediment

mound (various authors)

scrape mark

short linear scratch in sediment surface where a crab
has scraped up sand with its cheliped to pack into the
buccal cavity

generally used term for other tidal flat
crabs

tunnel

shallow linear, sinuate, to multifurcate surfaceparallel structure, 1-4 cm wide; composed of a floor
excavated from the underlying sediment, and upper
part enclosed by a pustular roof; formed by crab
working in the near-surface forming a surface-parallel
trough enclosed by a pustular roof

gallery (Webb & Eyre 2004): has
connotations of a passage with at
least one open side; it is not
considered to be appropriate to
describe this totally enclosed soldier
crab structure

tunnel floor

the basal concavity of a tunnel, excavated from the
underlying sediment

coined in this chapter

workings

any soldier crab biogenic structures on the sediment
surface; so termed because the sediment has been
“worked over” by the soldier crab

coined in this chapter
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3.3 Materials and methods

Methods involved a field work component and a laboratory component. Field work was
focused on a sandy tidal flat in southern King Bay, Dampier Archipelago, Western Australia
(Fig. 3-1). In order to replicate the natural environment of the soldier crab as near as possible
in the aquarium, field work involved description of the natural setting of the soldier crab habitat
in terms of sediment type, documentation of the micro-topography, depth to the water table at
the habitat, frequency of tidal flooding (inundation), temperature of the water, and density of
population. Field work was supplemented by observations and photography of soldier crab
ichnological products in the following additional sites in Western Australia: Shark Bay,
Onslow, Maitland River Delta, Withnell Bay and Hearson Cove (in the Dampier Archipelago
area), Settlers Beach (Cape Lambert area), Port Hedland, Broome, and Coconut Well (north of
Broome).

In the field, the subsurface and near-surface crab traces were documented by excavations and
planing of the surface. Crab activity in pelletising the surface, or creating a pustular surface
was documented by video camera and still photography. Observations were undertaken mostly
during the day-time low tide, and 10 night-time low tides. To determine the depth at which the
crabs resided in the subsurface, excavations were undertaken, as well as coring with 10 cm
diameter PVC pipes to 1 m depth (to extract in situ sediment with crabs therein), box coring to
30 cm depth, and systematic planing of the surface.

For the aquarium observations, a glass aquarium (50 cm x 30 cm by 30 cm deep) with a basal
outlet valve was set up, and sediment from the soldier crab habitat at King Bay tidal flat was
placed therein to create a sloping surface, with 30 cm depth of sediment at one end of the
aquarium and 5 cm at the other end, mimicking the sloping edge of a stingray feeding
excavation hollow (Fig. 3-2A). Thirty soldier crabs from the King Bay site were placed in the
aquarium, replicating the density of the crabs in the natural environment. The crabs and sand
were covered in seawater. The seawater was changed every two days.

Sediment in the

aquarium was left to oxygenate and deoxygenate with the processes of water exchange, crab
burrowing, and crab inactivity, so that effectively the subsurface sand replicated the natural
environment of the tidal flat, in contrast to Kelemec (1979) who oxygenated the sand in an
aquarium experiment by diffusing oxygen from below.
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Figure 3-2. Experimental design.
A. Basis for the geometry of the sand in the
aquarium - field photograph of a sting-ray
generated water-filled hollow, with its adjoining
mound of sand.
B. The three levels of water attained in the
aquarium; at high water, all surfaces are flooded;
at mid water, simulating a neap tide, the water
table is 20 cm below the high point of the sand; at
low water, simulating a spring tide, the water
table is 20-30 cm below the high point of the
sand.
C. Portion of the side view of the aquarium at
high water, with the sloping sand surface
simulating the hollow-to-mound relationship
shown in A.

Four aquarium experiments were conducted. The first was in the field for one week for the
purpose of determining whether soldier crabs could survive aquarium conditions and to
determine on a preliminary basis their response to aquarium conditions. In the field, the
aquarium and its sediment content rested on a sand mound on the tidal flat surface so that it was
naturally inundated twice daily by spring tides (at low tide, the water in the aquarium was
siphoned off to simulate low tide). The second aquarium experiment was carried out in a
laboratory in Perth for 9 months with the aim of observing soldier crab behaviour and
documenting biogenic structures by observation, mapping of aquarium walls, and intensive
video camera filming and still photography. The third aquarium experiment was carried out in
a laboratory for 3 months with the aim of further intensive photography. The last experiment
was carried out in a laboratory for 1 month with the purpose of observing bioturbation in
layered sediment.

In the first experiment, in the field, the temperature of the water, sediment and air was the
same as ambient environmental conditions. In the second experiment, the temperature of the
seawater was regulated by a heater, bringing the water temperature to circa 25°C. In the third,
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the entire aquarium system was placed in a temperature-regulated room in which air
temperature and water temperature were kept to 28°C. In the fourth, the experiment was
conducted during the Perth summer, and the temperature was not regulated. In this way the
laboratory aquarium experiments, which ran for a total of 13 months, were conducted over the
Perth summer and winter, without winter temperatures affecting the crabs.

Over the time of the experiments, twice daily, and daily for several days every fortnight,
seawater was placed in the aquarium for half a day, and then emptied to replicate semi-diurnal
spring tides and neap tides. One low tide was simulated during the day-time, and one during
the night-time.

Every month, to replicate maximum neap tidal conditions (that were

documented at the soldier crab habitat in King Bay), the aquarium was left inundated for two
days. The water in the aquarium was emptied and replenished either by siphoning, or by basal
efflux from the tank through the outlet valve. With the siphoning or the efflux of water from
the aquarium to simulate a low tide, two levels of water were achieved (Fig. 3-2): 1. the water
level was brought down to 5 cm from the base of the aquarium, with the water table 25 cm from
the surface of the sand at the upper slope to simulate maximum spring tide conditions; and 2.
the water level was brought down to 10 cm from the base of the aquarium, with the water table
20 cm from the surface of the sand at the upper slope to simulate moderate spring tide
conditions. For the latter situation, a pool of water was left at the lower slope of the sand.

Once it became apparent from aquarium observations that the crabs, as a result of their
subsurface activities, were producing structures within the sediment as well as on the sediment,
in the fourth set of aquarium experiments the sand was artificially laminated in order to be able
to trace the development of biogenic (bioturbation) structures.

The behaviour of the crabs and the ichnological products of the crabs in the aquarium were
documented by video camera, by photography of the walls and surface of the aquarium, and by
observation and drawings (directly tracing from aquarium walls onto transparent sheets). Most
of the observations were undertaken during day-time low water, but several of the night-time
low water periods were also documented. For video camera filming, the camera was set up on
a stand and allowed to run continuously for 3 hours. For example, for low water activity, as
soon as the water was at its low level, the camera was activated and allowed to run for 3 hours
continuously. In this manner, there was a record of the onset of the crab activity and its
progression. Filming was undertaken of the surface and of one of the aquarium walls. For high
water activity, the camera also was run for 3 hours so that there was a continuous record of crab
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activity as exposed along the aquarium walls. In total approximately 25 hours of film footage
was obtained for later analyses

Additionally, 50 hours also were logged in directly observing the crabs constructing cavities,
maintaining cavities, moving vertically upwards to exit (and creating vertical hollow shafts),
spiralling downwards to re-enter the sediment, and creating vertical hollow shafts to progress
from the surface to lower depths. This was an important component of the study as there was
direct observation of the action and the product undertaken and generated by the crabs,
respectively.

This study, in terms of observing and experimenting with the soldier crabs in the field, is based
on decades of field work. Commencing in 1980, VCSRG visited the King Bay site on a
quarterly basis between 1980-1982 and 1985-1988 for 2 consecutive days, and on a monthly
basis between 1982 and 1985 for 1 day each month, amounting to circa 200 hours of
observations and experimentation. Commencing in 1997, the King Bay site was visited on a
yearly to quarterly basis between 1997 and 2007 for 3-4 days at a time, amounting to 40 mandays (or circa 200 hours) of observations and experimentation.

Mapping of crab activity and the boundaries of their workings was undertaken using enlarged
high-resolution aerial photographs at a scale of 1:500. At this scale, trees, megaripples, creek
lines, other tidal drainage lines, and other tidal landforms and features were evident, and were
used as medium-scale landscape markers to provide location and orientation for mapping the
outlines of crab workings. Between these medium-scale landmarks, boundaries of the workings
were established by direct mapping onto the aerial photographs, supplemented by (metrelength) pacing to the nearest metre.

Mapping at the smallest scale of the increase in workings in quadrats was undertaken by
photography. A series of fifteen replicate 25 cm x 25 cm quadrats were randomly spread over
the tidal flat surface immediately after the tidal flat surface was exposed, and photographed
from time zero on a 15-minute basis for a total of 3 hours. These photographs provided the
basis for tracing the initiation and progression of the various crab workings such as clots,
pustular structures, and rosettes, that appeared on the surface (Fig. 3-3).
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Figure 3-3. Quadrat (25 cm x 25 cm in size) in the
field, with crab workings appearing within the
quadrat, and tracing of the workings for use in
Figure 3-7.

3.4 The soldier crab habitat in King Bay, Dampier Archipelago

The soldier crab habitat in southern King Bay is a sandy, mid-tidal to high-tidal flat,
specifically a sandy ebb-tidal delta located at the mouth of a tidal creek (Semeniuk et al. 1982;
Semeniuk & Wurm 1987; and Fig. 1). Occurring between levels of circa mean low water neap
tide (MLWN) and mean sea level (MSL), it is exposed during all spring tides for several hours,
and exposed during most neap tides for a few hours, however, on some neap tides the habitat is
not exposed at all. While the habitat receives some low-amplitude waves from the open head of
King Bay (Semeniuk & Wurm 1987), the environment is a relatively low-energy site located
within the King Bay embayment. In this environment, some mud does accumulate and as such
the substrate habitat of the soldier crab is a slightly muddy, fine to medium sand (mean sand
grainsize is 125 µm and mud content is circa 3%). The sediment has circa 0.5% organic matter
as detritus.

The surface of the habitat is pocked with 20-50 cm diameter feeding excavations of stingrays,
hence in detail the habitat is undulating, composed of a series of pools and low sand mounds
(Fig. 3-1). In general, the water table under the tidal flat on a low spring tide is 10-20 (-30) cm
below the surface. Soldier crabs inhabit the undulating sand surface, and more specifically the
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sand mounds adjoining the pools. Excavations and box cores indicate that the soldier crabs are
located in the upper 10-20 cm of sediment surface during low tide periods.

The sediment that underlies the tidal flat where the soldier crab resides is invariably pigmented
at shallow depths by iron sulphide. At depths of 10-30 cm and greater, the sediment is medium
grey to dark grey. At 0-10 cm, the sediment is medium grey to light grey. The surface layer,
< 1 mm thick, is commonly oxidised to light grey or a buff/tan tone. Pellets created by the
crabs from the shallow subsurface and surface tend to mirror the pigmented sediment from
which they are derived.

Crab workings are commonly reworked by tidal currents and small amplitude waves during
spring tides. During neap tides, tidal currents are of smaller magnitude, and crab workings have
a higher chance of preservation. While soldier crab workings survived the previous high-tidal
current reworking, the workings are not always distinct, but reduced to a series of rounded
lumps. Also, following a high tide, especially during neap tide periods, and depending on the
sedimentary budget of suspended mud in the region, there may be a thin film of mud or very
fine sand on the sediment surface, the thin film of mud being deposited as a result of lag /
settling lag processes (cf. Postma 1967; Reineck & Singh 1980); during these times, soldier
crab ichnological products stand out in contrast, and dactyl prints and tracks are best preserved.
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3.5 Field observations

Soldier crabs in the field exhibit a range of trace activities, as determined by direct observation
and excavations. Figures 3-4 to 3-6 illustrate a range of structures produced by the soldier
crabs from tidal flat settings.

At King Bay, but supplemented by observations elsewhere, soldier crabs spend most of their
life cycle as in-fauna in the sandy environment. There are three phases to their ichnological
behaviour corresponding to their life stages:

1. newly arrived recruits and juvenile crabs in the early stage of their life cycle – a
cryptic phase;
2. crabs in the early to middle stage of their life cycle – a cryptic phase; and
3. crabs in the adult stage – exhibiting cryptic and emergent phases.

Immediately after the ebb tide exposes the surface, the sediment is still very wet and there is an
absence of scrape marks and soldier crab dactyl prints, even though there is the opportunity for
preservation of such traces because of the thin film of mud on the sediment surface formed by
scour lag / settling lag processes. Such mud can preserve surface traces and activities of fauna,
e.g., the activities of fish feeding. This indicates that there was no soldier crab surface activity
during the high tide.

Crab ichnological activities are described below, focusing on those that occur at low tide.
During a low tide, in all cases the crabs begin their activities that are manifest as ichnological
products on the surface when the sand is exposed long enough (within one to two hours) for it
to drain free of phreatic interstitial water, but is still cohesive with pellicular moisture. This
occurs during day-time low tides and night-time low tides.

When a population is composed of newly-arrived recruits (sizes 1-2 mm) and/or individuals in
the early (juvenile) stage of their life cycle (sizes 2-3 mm) [composed of very small, almost
translucent crabs, and grey-blue juvenile crabs], during a low tide the surface becomes speckled
with small clots of sand as a result of settlement and juvenile recruit workings (Fig. 3-4A).
Generally, these crabs remain in the subsurface, and in excavating a small hole (cavity) therein,
dispose of the sand onto the surface as a small aggregate circa 1-2 mm in size. These are
scattered on the surface above the individual crabs. At this stage, the crabs may also create
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craters (Fig. 3-4B). They do this by opening the roof of their near-surface cavity exposing
themselves to the surface, and excavating and depositing excavation pellets as a ring of sand
around the opening; later, when the crabs descend to lower depths, they will fill the central
concavity from below with more excavation pellets, leaving a single circular pustule where the
crater once was.

When a population is in the early to middle stage of their life cycle (sizes 3-5 mm), composed
of grey-blue juvenile and sub-adult crabs, during a low tide the surface becomes “pustular” as a
result of crab workings. Again, the crabs remain in the subsurface, but their workings are the
result of their creating shallow, meandering surface-parallel tunnels, the roofs of which are a
mass of small cohesive pellets of sand, formed as a consequence of their feeding and
excavation activity. In the first instance, cryptically, within 1-2 centimetres of the surface, the
crab scrapes and excavates a proportion of sand from the near-surface, places it in its buccal
cavity to extract its food, then rolls the food-depleted sand into a small ball, 2-3 mm in size,
which it jettisons as a discard pellet to one side or attaches it to the roof of the developing
tunnel. Some of the pellets are also formed by excavation and aggregated into the roof as balls
of sand (excavation pellets). For the discrete surface pellets, the term “discard pellet” is used to
make a distinction from the feeding pellets of crabs such as Scopimera, which aggregate sand
on the surface into small balls or pellets from which they extract food particles. As a result of
this soldier crab activity, the upper 1-2 centimetres of the sand is transformed into a labyrinth of
tunnels the roofs of which are constructed of the material excavated from the tunnels. As such,
the sediment surface becomes generally composed of linear to meandering areas of pustular
sand, and elevated by 2-10 mm above the former sediment surface as the material of the tunnels
is transferred to the roofs (Figures 3-4C & 3-4D). Thus the roofs of the tunnels are composed of
aggregated discard pellets and excavation pellets of sand. Careful removal of the cover of sand
pellets exposes the surface-parallel labyrinth of tunnels (Fig. 3-6A). The activity of the crabs in
constructing the shallow surface-parallel tunnels mainly begins some 30 minutes to circa 60
minutes after the tide has fallen low enough that the water table is 10-20 cm below the sediment
surface, and as a result, the water in the sediment changes from phreatic to pellicular water.
Once it begins, the activity of producing the tunnels and creating a pustular surface continues
for up to 150 minutes depending on the phase of the tidal cycle (Fig. 3-7). Figure 3-7 shows the
increase in surface workings in time for 5 quadrats. In this instance, while there were workings
evident as pustular structures, and even though the crab population was adult, there were no
emergences of crabs during this particular low tidal period.
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As the crabs work the immediate subsurface for food, the surface aggregations of pustular
structures become longer and begin to coalesce. The end result may be a tidal flat surface
completely covered in pustular structures that appear like a mat on the surface.

Because the discard pellets and excavation pellets that comprise the tunnel roofs are derived
from sediment > 1 mm in depth and are deposited into the surface sediment, there is a contrast
in colouration of the meandering to linear pustular structures. These pellets tend to be light
grey to mid-grey amidst a surface tone of buff/tan and light grey, hence they stand out in tonal
relief. Having a higher moisture content than surface sand, these pellets from the subsurface
have a less well-defined spherical shape.

During this stage of the crab population’s life cycle, the crabs also construct cavities which are
separate from the surface-parallel tunnels. Excavations expose centimetre-sized, rounded to
equant cavities located 1-5 cm below the surface. As mentioned earlier, these cavities are holes
in the sand but with a geopetal lining of mud on their floor.

When soldier crabs are in the adult stage of their life cycle (sub-adult and adult, sizes 7-10 mm,
and up to 16 mm, with the population composed of deeper blue to sky blue soldier crabs),
during a low tide three types of activity ensue: 1. the surface becomes pustular as a result of
crab workings composed of circular pustules (Fig. 3-5A), or linear/meandering pustular
structures (Figures 3-5B & 3-5C), and the surface, with intensive working over by the crabs
develops into a pustular mat (Figures 3-1D & 3-5D), as described earlier; 2. some crabs also
may construct cavities; and 3. a proportion of the resident adult population emerges
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Figure 3-4. Photographs of types of surface
workings by crabs of the settlement phase and
juveniles. These workings are generated by crabs
mostly working in the subsurface.
A. Overview of a field of clots.
B. Crater, with crab present in the central
concavity.
C. Circular pustular structure and linear to
meandering pustular structures.
D. Overview of a more complex field of linear to
meandering pustular structures.

When the crabs emerge (Fig. 3-5E), there is an abundance of exit holes which are circular,
often with eruption margins (Figures 3-5F & 3-5G). Emergent crabs wander on the surface
feeding. Thousands may emerge in this manner, feeding and creating the impression of the
soldier crab “armies” (Fig. 3-5E). Crabs have been documented emerging mainly during daytime low tides, but there were exit holes evident during some of my night-time observations,
though no observations of mass swarming. When the crabs emerge and forage on the surface,
they generate scrape marks (Fig. 3-5G) in their harvesting of sediment for extraction of food,
and the surface becomes covered in small discard pellets (Figures 3-5G & 3-5H). Several
scrapings may be undertaken before the crab accumulates enough sediment in its buccal cavity
to discard a pellet of sand. The discard pellets are placed a short distance away from where the
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sand was scraped. Depending on whether the crabs are wandering relatively slowly in their
foraging, or rapidly moving over the surface, this distance can range from 5 mm to circa
25 mm, and locally up to 100 mm. Depending on how mobile the crab has been during feeding,
the discard pellets can be arranged in meandering lines, or randomly, or in localised patches.
Sometimes, ripple crests exert a control on the direction of crab wandering, and the line of
discard pellets follows the ripple crest. (Fig. 3-5H).

The discard pellets, derived from the oxidised surface sand that has lower moisture content than
the underlying sand, tend to be tan/buff in colour, similar to the surface sediment, and are more
cohesive as spherical balls. They contrast with the colour of the pellets that comprise the
meandering to linear pustular structures, hence they are conspicuous.

Depending on the

abundance of emergent crabs, and for how long they stay emergent, the surface may be littered
with scattered discard pellets, or densely packed with an abundance of such pellets.

Dactyl prints are locally present when there is a thin film of mud or very fine sand on the
sediment surface, but this ichnological feature is not common.

Eventually, the crabs re-enter the subsurface and do so by corkscrewing into the sediment,
producing a distinct rosette pattern (Fig. 3-5F) As the crabs corkscrew in, they excavate the
sand and pile it to one side as they rotate inwards, thus producing a rosette of excavated
material (hence the vague radiating structure to the rosette), and finally as they descend to a
level below that of the surface sediment, they upwards pack the central hole so that the final
morphology of the trace commonly is a rosette of excavation discards and a central plug (Fig.
3-5F).
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Figure 3-5. Photographs of types of surface workings by adult crabs. These workings are
generated by crabs working the sediment in the subsurface and on the surface. A. Field of
circular pustules (lens cap is 50 mm diameter). B. Circular pustular structure and meandering
pustular structures. C. Zone of soldier crab workings adjoining a rippled sand flat; the
workings consist of a mat of pustular structures generated by coalescing circular pustular
structures and meandering pustular structures, and discard pellets. The majority of the
workings are discard pellets. A prominent meandering pustular structure is evident to the
middle left of the photograph. D. A mat of pustular structures generated by coalescing (mainly)
meandering pustular structures and circular pustular structures; discard pellets are also
common. E. Swarm of soldier crabs walking over a tidal flat sparsely covered in discard
pellets. F. Exit hole with eruption structure, and (re-entry) rosette. G. Exit hole with eruption
structure, and a trail of scrape marks with discard pellets. H. Rows of discard pellets along the
crests of ripples marks the paths of soldier crabs.
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Crabs were observed corkscrewing in both clockwise and anticlockwise directions, showing no
sign of “handedness”.
When the crabs rapidly exit or re-enter the sediment, they may leave vertical to near-vertical
holes.

Figures 3-6B to 3-6D illustrate a range of subsurface structures developed by the crabs. Figure
3-6B illustrates an equant cavity located circa 2 cm below the sediment surface. Figure 3-6C
illustrates hollow shafts, and the tunnel under a pustular roof. Figure 3-6D illustrates a hollow
shaft leading up to an exit hole.

Figure 3-6. Excavations in the field to illustrate soldier crab ichnological structures. Lens cap
in A & C is 50 mm diameter; film cannister cap in B & D is 35 mm diameter.
A. Surface planed to remove the pustular structures to 1 cm depth reveals the underlying
horizontal tunnels. Arrows show tunnels below the surface.
B. Equant cavity located circa 2 cm below the sediment surface.
C. The tunnel under a pustular roof (arrow 1), hollow shafts (arrow 2); arrow 3 points to
artificially generated cracks.
D. A hollow shaft leading up to an exit hole.
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At the stage where adult crabs are producing a pustular surface, exit holes, scrape marks,
discard pellets, and rosette structures, there also may be local occurrences of clots.
Investigation of these show that crabs smaller than the mean size of the population are present
as juvenile recruits that arrived later than the main population.

In the field there was variability in behaviour. One group of crabs would emerge apparently en
masse in one location on one day, and another group elsewhere which remained in the
subsurface on the first day, would emerge on another day. For any emergences, there would be
a (usually small) proportion of crabs remaining in the subsurface. Emergent groups generally
produced pustular structures before appearing on the surface. Further, on the third day, both
groups may have produced pustular structures but had no emergences, then on the fourth day,
both groups produced only pustular structures, but of a different plan shape. A third group may
have remained subsurface for all four days, but emerged en masse in their resident location on
the fifth day. In Figure 3-7, where the workings were mapped in detail in quadrats, there were
no emergences on that particular low tide, but a local nearby emergence of crabs on the next
day. Mapping of areas of pustular workings shows that the boundaries of clusters of crabs
within the large population resident within the habitat could change on a daily basis. Details of
mapping are provided in Figures 3-8 and 3-9.

Figure 3-8 provides some background on the soldier crab habitat and the longevity of locations
of crab activity as a prelude to describing the variability of soldier crab activity in this
environment: there are some small mangrove copses inhabiting the crest of two tidal shoals that
are part of the ebb-tidal fan in southern King Bay (Semeniuk & Wurm 1987). A distribution
pattern of the soldier crabs, encompassing occurrences over two years (1981-1982) as
determined by daily and monthly mapping, is shown in Figure 3-8; all mapped occurrences of
the workings of the crabs are presented in this Figure, with an enveloping surface showing the
maximum area that the crabs inhabited in southern King Bay. Soldier crabs had not inhabited
the sites of the mangrove copses nor the upper parts of the sandy shoals above circa MSL.
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Figure 3-7. Increase in density of workings in five quadrats over 3 hours. In quadrats A2-1 and A2-4, one circular pustular structure appears at 15 minutes;
at 45 minutes, circular pustular structures have appeared in four of the quadrats; by 90 minutes the workings have become conspicuous; most workings have
ceased by 120 minutes. Quadrats are 25 cm x 25 cm.
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Figure 3-8. Map showing the overall distribution of the workings of crabs in southern King Bay
over two years.
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Their habitat preference here was the tidal flat between MSL and MLWN, along the margins of
the shoal where the mud content is < 5%, which approximately is parallel to topographic
contours and to the crests of the shoals [the soldier crabs also generally had not inhabited the
higher energy margins of the tidal creek, between MLWN and MSL, where tidal current flow
and strong sediment mobility precludes their establishment]. As such, their overall distribution
is circumferential to the shoals.

The distribution and variability of the crab workings over a three-day period with two tides a
day are shown in Figure 3-9. For these three days, the crabs did not emerge, indicating that any
variation in location of ichnological activity can not be the result of their emergence, migration,
and then re-entry into the subsurface in new locations, hence generating a new location of
ichnolgical activity. Without emergence, the variation of crab ichnological activity is the result
of clusters or patches of crabs behaving variably in the subsurface from site to site. In detail,
there is variability from tide to tide and from day to day, as will be described below. To
facilitate description of the patterns, the two shoals are internally labelled as to their elongate
spits and lobes as A, B, C, D and E.

On the morning low tide of 21st July 1982, the patches of crab workings occurred as thin strips
projecting eastwards from either side of elongate spit A; the southern thin strip was absent
during the afternoon low tide of the same day, reappeared on the morning and afternoon low
tides of 22nd July 1982, was absent for the morning low tide of 23rd July, and was diminished
in area for the afternoon low tide of 23rd July (Fig. 3-9). At the same time, crab workings
appeared circumferential to the sand shoal lobe C on the morning low tide of 21st July 1982,
but not again for the next five low tides. The re-entrant in the shoal (area B) showed crab
workings that, while generally in the same location, expanded and contracted in area from day
to day. Similarly, the sand shoal lobe of area D showed a fairly consistent circumferential
occurrence of crab workings, but the detailed shape and the extent of the areas varied from low
tide to ensuing low tides. The location north east of lobe E showed patches of crab workings
that varied in occurrence and in shape, and in areal extent.
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Figure 3-9. Maps of the workings of crabs in southern King Bay during six day-time low tides
over three days.
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3.6 Results from the aquarium

Mictyris occidentalis placed in the aquarium in the field and in the laboratory showed that these
soldier crabs survived aquarium conditions. They grew from juvenile and sub-adult to fully
adult while in the laboratory environment. The first experimental batch that was placed in the
aquarium in the laboratory were sub-adult crabs initially and grew to be adults (with growth of
mean carapace length from 5 mm to 14 mm) over nine months before they were released into
the field at their place of capture. Figures 3-10 to 3-13 show the general results of the aquarium
observations.

In the aquarium, the crabs carried out the same activities as they do in the natural environment.
Their surface working and subsurface working activities occurred during the day-time and
night-time. While they have been observed to emerge mainly during day-time low water, there
have been some that emerged during night-time low water, as evidenced by their exit holes.

Whether in the sub-surface or emergent on the surface, the crabs inhabited the full length and
width of the aquarium, producing ichnological structures across the whole sediment surface
(Figures 3-10 & 3-11): meandering to linear, shallow surface-parallel tunnels; re-entry rosettes;
and discard pellets (as will be described later). Fortuitously, many of the 30 crabs also carried
out their activities alongside the aquarium wall (with up to 10 at a time located along the
aquarium wall), maintaining cavities, forming vertical to oblique back-filled burrows and
creating the shallow surface-parallel tunnels, thus providing the opportunity to observe their
activity in the subsurface. As such, there were direct observations of how crabs produce their
ichnological structures which were useful for interpreting those in the field.

The first important observation of the aquarium conditions was that if tides were consistently
mimicked, there was no emergence of crabs when the sediment was inundated at high water
(simulating the high tide). The second important observation was that the crabs may continue
their activity in the subsurface when the sediment was inundated on the high water.
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Figure 3-10. Photographs of crab activities in the aquarium. A & B are of crabs when
inundated. C & D are of crabs at low water.
A. To left, crab in air-filled cavity with geopetal sludge on floor; to right, crab in another
cavity; in the centre is a linear cavity; the sediment surface is comprised of former circular
pustular structures that have collapsed with inundation.
B. Close-up of (A) showing crab and geopetal sludge in cavity.
C. Five crabs in cavities in the subsurface, and two circular pustular structures on the surface.
D. Hollow shaft leading to an exit hole.
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Figure 3-11. Photographs of crab activities in the aquarium during low water.
A. Surface of aquarium sediment showing exit holes, eruption structures, circular pustular
structures, meandering pustular structures, and rosettes.
B. Meandering to linear pustular structures.
C. Meandering pustular structures with crab in the tunnel exposed by an open roof.
D. Eruption structure around an exit hole (arrow 1). rosettes (arrow 2), and circular pustular
structures (arrow 3).
E. Twenty exit holes, some with eruption structures, and several circular pustular structures.
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The ichnological behaviour of the crabs is described in a framework of two water-level
conditions:

1. that of high water, simulating high tide when sediments are inundated;
2. that of low water, simulating low tide with the water table at 20 cm to 5 cm below the
sediment surface.

3.6.1 Activities during high water
At high water, all crabs remained buried and produced cavities at depths of 5 cm to 15 cm,
rarely to 20 cm (Figures 3-10A & 3-10B). These cavities essentially housed the crabs in an airfilled cavity that was circa 25% larger in diameter than the crab’s size, and no crabs resided in
the sand without being in such cavities. Within this cavity the crabs continually modified the
wall of the open structure, so that over minutes to several hours the cavity slowly migrated
vertically (upwards or downwards), or laterally (Fig. 3-13). In other words, the cavity was
continually being modified and was migrating. Within the cavity, the crab maintained the air
pocket and the ovoid cavity shape by employing the chelipeds and the first two pairs of walking
legs to scoop or push the sand and the last two pairs of walking legs to act as stabilisers. Water
seeped into the cavity creating on the floor of the cavity a pool of geopetal mud sludge < 1 mm
deep, up to 2 mm deep (Figures 3-10A & 3-10B). The crab, orientated in a dorsal surface
upwards position, was feeding from this sludge, using its chelipeds and front walking legs in
synchronous or alternating motions to scoop the muddy material into its buccal cavity. In this
context, the feeding activity of the crab did not produce any discard pellets, and the crab
directly utilised the muddy soup as feeding material. Occasionally the crab would scoop sand
from the one side of the cavity and pack that material into its buccal cavity, then remain
motionless for a short period except for lateral movements of the third maxillipeds. This
material would be discarded as a semi-liquid unconsolidated mass and pushed to the opposite
side of the cavity with outward sweeping motions of the chelipeds.

During intra-cavity activities such as feeding, cavity maintenance or migration, the crab
appeared to attain inverted or lateral body orientations as well as the conventional dorsal
surface upwards position with an equal facility.

Not all crabs were active at the one time. From a population of 30 crabs in the aquarium, a
maximum of 10 were visible at any one time along the walls, and of these, activity was
observed usually in 5 crabs at a time. During such times, the other crabs were under the sand in
the interior of the aquarium and were not visible.
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3.6.2 Activities during low water
During low water, a proportion of crabs emerged and some stayed subsurface. Those crabs
along the aquarium walls provided the opportunity to document that even though the water
table had fallen to below the level of a given cavity, and that while other crabs were
constructing shallow surface-parallel tunnels or had emerged creating a hollow shaft and exit
hole (Fig. 3-10D), some crabs remained in the subsurface in their cavities (Fig. 3-10C).
Feeding motions of these crabs were the same as under conditions of high water except that
there was no geopetal sludge in the bottom of the cavity and the material discarded from the
buccal cavity was more cohesive but still not pellet-shaped as in surface discard pellets. Often
these subsurface crabs remained relatively inactive. This inactivity may have lasted from
minutes to hours, with the crab remaining motionless.

When the aquarium was again

inundated, these crabs returned to their feeding and cavity-migrating activity, or still remained
inactive.

Generally, whether during day-time or night-time, the activity of the crabs on the surface either
in constructing shallow surface-parallel tunnels or emerging, was within 15-60 minutes of low
water (the artificial low tide), and sometimes up to 150 minutes after the low water, though
some crabs created circular pustules within minutes of low water (to re-excavate their cavity).
The majority of crabs constructed shallow surface-parallel tunnels (Figures 3-11A, 3-11B & 311C). Those crabs active along the aquarium walls showed that the tunnel construction was
achieved by creating discard pellets and attaching them to the roof of a developing tunnel, and
by forming excavation pellets and also attaching them to the roof of a developing tunnel.

For a given period of low water, during the day-time low water periods, a minority of crabs
usually emerged, and these formed exit holes with eruption margins. Where located along the
aquarium wall, the exit holes commonly were the upper termination of a vertical to nearvertical hollow shaft showing that the crabs rapidly ascended the sand, then exited, leaving the
hollow shaft in their wake rather than a back-filled structure (Figures 3-10D & 3-12).
Sometimes, all the crabs in the aquarium emerged at the one time so that all 30 crabs were on
the surface.
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Figure 3-12. Photograph and annotated tracing of aquarium wall showing the observed
movement of one crab upwards and downwards within a hollow shaft. Scale in millimetres.

While on the surface, the crabs would feed, creating scrape marks and then discard pellets.
Walking on the surface also created some dactyl prints. Eventually, the crabs re-entered the
sediment in staggered intervals creating re-entry rosettes with a central plug.

Again, for the low water activities, not all crabs were active at the one time. From the
population of 30 crabs, a maximum of 10 were visible at any one time along the walls, and of
these, activity was observed usually in 5-9 crabs at a time (Fig. 3-10C).

Figure 3-13 illustrates the variability of crab behaviour for six low water periods. The crabs
variably emerged, or created pustular structures, or remained active or inactive in cavities, and
their activities were not synchronised. Further, the mobility of individual crabs at the same
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time of observation varied temporally, and in terms of speed of their movement, direction(s) of
their movements, and how far they moved.

The activity of the crabs on the surface mimicked that in the field. Generally, immediately after
the sediment surface was exposed at low water, the surface was devoid of ichnological
structures. If the crabs remained in the subsurface, progressively in time, the surface of the
sand was covered in circular pustules, or linear pustular structures (Fig. 3-11). If the crabs
emerged, the surface initially was covered in circular pustules, or linear pustular structures by
those crabs that remained in the subsurface or that were about to emerge, and was additionally,
for those crabs that had emerged for a given low water episode, pocked with exit holes and
covered with discard pellets and rosettes.

The numbers of crabs that created pustular

structures, or meandering pustular structures, or those that emerged to create exit holes, discard
pellets, or rosettes, varied from low water period to low water period, from no emergences, to a
maximum number of 30 (all of them).

An important aspect of the activity of the crabs in the aquarium was its variability:

1. during a given period of low water, not all crabs were active at the same time (where
visible along the aquarium walls, some remained inactive in their cavities, some were
active in their cavities, some excavated surface-parallel tunnels, and some emerged);

2. during another period of low water, most crabs might have been inactive at the same
time, remaining in their cavities; i.e., there were no emergences and no development of
pustular structures;

3. during another period of low water, all crabs appeared to be active at the same time, but
some remained active in their cavities, some excavated surface-parallel tunnels, and
some emerged; and

4. during yet another period of low water, all crabs emerged at the same time.
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Figure 3-13. Results of the aquarium observations. A. Side view of the aquarium, one hour
after low water, showing sloping sediment surface, pustule on surface, and two crabs in the
subsurface, one in an equant cavity circa 2 cm below the surface, and the other in a vertical
cavity located 1-4 cm below the surface. B-G. Tracings of the aquarium walls showing, for a
given day, the number of crabs visible along the glass wall, the location of a cavity at a given
time, the migration of the cavity in time, pustules on the surface and when they appeared, and
the number and time that any crabs emerged. For a given frame, the crabs are notated A, B, C,
D, etc. Since all crabs are approximately the same size, deriving from the same cohort, the size
of cavity in these views is dependent on cut of cross-section: tangential sections appear as small
cavities, and median sections show maximum size of a cavity.

102

3.6.3 Subsurface sedimentary structures
The aquarium provided the opportunity to observe the movement of the crabs in the subsurface
of the sediment and the sedimentary structures that were created as a consequence. Some of
this description has already been provided above, but is re-iterated here in the context that there
is a focus now on subsurface sedimentary structures of what are traditionally viewed as
biogenic sedimentary structures rather than the surface ichnological features.

The movement of the crabs in the subsurface is of two types:

1. vertical movement to rapidly emerge onto the sediment surface; this produces a
vertical to near-vertical hollow shaft; and
2. lateral, vertical and downwards movement of the cavity; this produces a
blurred bioturbation structure wherein the sediment appears swirled.

Where the sand was artificially laminated in the aquarium to trace the development of biogenic
(bioturbation) structures, the process of burrowing and cavity migration left a bioturbated zone
of vertical corridors, swirls and mottled material in the upper 15 cm of the sediment (Fig. 3-14).
Burrow back-filling and cavity wall modification by the crabs created a wall-parallel lamination
that was highlighted by sand grainsize variation, fine mud lamination, and by iron-sulphide
diagenesis (grain pigmentation). For example, movement of the crabs to the surface and to the
subsurface via vertical hollow shafts ultimately resulted in the development of vertical to nearvertical bioturbation structures that were emphasised (highlighted) by diagenetic colouration
(varying degrees of iron sulphide pigmentation).
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Figure 3-14. Bioturbation structures generated by soldier crabs.
A. Field photograph illustrating general mottled brown (oxidised) and grey (iron sulphide
pigmented) sand, with vertical back-filled burrow structures (arrow 1), and surface oxidised
zone (arrow 2).
B. Field photograph illustrating general vertical back-filled burrow structures highlighted by
brown and grey sand. The near-surface layers have cavities that have an oxidation halo.
Pustular structure is on the surface (arrow).
C. Photograph of aquarium wall showing crab in cavity, and vertical zone of bioturbation
generated by this mobile crab, highlighted by brown and grey sand.
D. Back-filled burrow, with back-filling highlighted by brown and grey sand.
E. Crabs in equant and linear cavities, and general bioturbated (swirled) nature of the sediment
(particularly evident in lower middle and lower right of the aquarium).
F. Vertical back-filled structures highlighted by brown and grey sand; two crabs in their
cavities are arrowed (margins of corridors of grey and brown sand outlined on aquarium wall).
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3.7 Summary of soldier crab ichnological products

The soldier crab M. occidentalis can produce up to 16 different types of ichnological products.
These are the result of the crabs working the sediment at different stages of their life cycle,
whether or not they emerge, and the working of the sediment at different times of the tide. The
various ichnological products and a summary of their formative biogenic processes have been
listed in Table 3-1 [note that components of integrated ichnological products are not treated as
separate products, i.e., a tunnel floor is part of a tunnel, not a separate structure, and the term
“workings” refers to the total aggregation of ichnological products that occur on tidal flats].
Most of the ichnological products are distinct and diagnostic of particular activities. Clots,
craters, circular pustular structures, dactyl prints, the discrete discard pellets on the surface,
eruption structures, exit holes, hollow shafts, linear pustular structures, rosettes, scrape marks,
and surface-parallel tunnels exemplify this. However, the roofs of surface-parallel tunnels are
composed of excavation pellets and discard pellets, and it has not been possible to
macroscopically separate these after they have formed. Mat pustular structures are not the result
of a separate activity but one of coalescence of other structures.

3.8 Discussion and conclusions

Observations of soldier crabs in the aquarium were very useful because the crabs replicated
activities observed in the field. In addition, the aquarium could be used for observations of
crab behaviour not readily apparent in the field. Results from the first aquarium experiment in
the field and subsequent laboratory experiments showed that soldier crabs rapidly became
acclimated to aquarium conditions, did not display aberrant behaviour after an initial settling-in
period, and could survive for an extended time and grow to a larger than average size in
aquarium conditions that replicated the temperature and tidal regime of their natural habitat.
The aquarium also provided the opportunity to vary the environmental conditions to ascertain
crab responses (as will be described in later chapters).

For both field and aquarium situations, the initiation of surface activities by the crabs producing
clots, pustules and linear to meandering to mat pustular structures was within 15-60 minutes of
sediment exposure, when the sand was sufficiently dewatered, though the aquarium crabs
generally tended to initiate workings earlier.
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Initially, while the results from field work emphasised the ichnological products on the
sediment surface, and indeed the aquarium results reinforced and explained these phenomena,
the aquarium observations provided insights into the behaviour of the crabs in the subsurface
under simulated both high-tide and low-tide conditions. Knowledge that the crabs remain active
under high tide-conditions is particularly important because the crabs spend more than 50% of
their time under high tides, and previous to my laboratory observation it was not known what
activities M. occidentalis carried out during times of inundation. The aquarium observations
showed that their burrowing, migration and feeding continues in the subsurface during
inundation. Other tidal crabs from genera such as Scopimera, Uca, and Ocypode, which are
generally surface feeders, clearly wait out the high tides in their burrows to re-emerge on the
low tide (Hill & Hunter 1973; Crane 1975; Gherardi et al. 1999; Gherardi & Russo 2001).
They then re-excavate their burrows, and undertake feeding on the surface during low tide (by
creating feeding pellets, or by scraping diatom-rich material off the surface, or by scavenging
detritus), to then re-bury themselves and wait out the next high tide in their burrows, safe from
predators that invade their habitat on the flooding tide. Their specialised surface feeding
activities do not continue into the subsurface. This study shows that the activities of the soldier
crab take place during both high tide and low tide and hence can be a 24-hours-a-day exercise.
Moreover, both the surface activities (during low tide) and subsurface activities (during low
tide and high tide) involve feeding - the former, feeding from the surface sediment, resulting in
the generation of discard pellets that form the roofs of the surface-parallel tunnels and in a
surface litter of discard pellets, and the latter, feeding from the geopetal sludge flooring the
cavities and from the sand of the cavity walls. The soldier crab, M. occidentalis, is a cryptic
(in-faunal) animal, spending most of its life cycle as in-fauna, and, as such, in hindsight it was
to be expected that it undertook its feeding activities in the subsurface during high and low
tides.

There is a difference in strategy of feeding and products of feeding between low and high tide
since, at low tide, the sand is cohesive with pellicular water, and this pellicular water largely is
the only water available for the crab to slurry the fine-grained organic material in its buccal
cavity for feeding. Thus M. occidentalis, during a low tide, in extracting pellicular water from
the ball of sediment it has scraped up, produces cohesive discard pellets (on the surface or in
the construction of the roofs of surface-parallel tunnels), leaving a (pellicular water depleted)
discard pellet behind. Some species of Mictyris (M. longicarpus), while on the sediment
surface, have been observed taking up water from surface pools, which is then stored internally
and used for particle size separation in the feeding process (Dittmann 1996).
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Sand generally cannot remain cohesive when it is water-saturated (Webster 1919; Carrigy
1970; Reineck & Singh 1980; Groger et al. 2003; Kleinhans & van Asch 2005; Nowak et al.
2005; Breien et al. 2007), unless it is held by an organic gelatinous matrix (cf. Bathurst 1967).
Consequently, in order for the sand to remain cohesive as pellets, and to ensure that the roofs of
the tunnels do not collapse, soldier crab activity that is manifest on the surface does not begin
until the water content of the sand changes from being saturated to being pellicular. Thus, a
determining factor for the development of a majority of the traces is cohesive sand with a film
of pellicular water coating the sand grains, a feature that is conditional on the sand being
exposed to the drying action of sun and wind some time after its exposure by a falling tide.
Hence, soldier crabs do not work the sediment to create surface-parallel tunnels while the sand
is under water. They also generally do not work the sediment to create surface-parallel tunnels
in sediment recently exposed by a falling tide. Similarly, the creation of discard pellets does
not take place in water-saturated sand, but in sand that has pellicular water. The early onset of
workings in the aquarium, as noted above, may be due to more rapid draining of interstitial
water under aquarium conditions, resulting in the development of sand with pellicular water
sooner than would occur under field conditions.

Because the sand is not cohesive under high tides, M. occidentalis does not produce discard
pellets during times of inundation. Rather, it directly utilises the water seeping into its airpocket cavity, feeding directly on the sludge that accumulates on the cavity floor. This sludge,
in fact, is the material being extracted from the film of pellicular water that coats the sand
grains when M. occidentalis is feeding at low tide. In the former situation (high tide), the crabs
directly utilise fine-grained material that seeps into their feeding cavity. In the latter situation,
the crabs harvest this film of sludge off the sand into their buccal cavity and leave behind a
pellet of sand, depleted of fine-grained material and packed into a neat ball by their walking
legs.

Discard pellets of M. occidentalis superficially appear similar to the feeding pellets of the sand
bubbler crab Scopimera (in this case, in my observations in Western Australia, the sand bubbler
crab is Scopimera inflata). However, there is a difference in arrangement of pellets and
associated structures derived from feeding by M. occidentalis as compared to those derived by
feeding by the sand bubbler crab. As described earlier, M. occidentalis emerges from an exit
hole, and in its wanderings on the surface scrapes up sand, leaves scrape marks in isolation,
moves away from the scrape site, and continues to gather sand until the ball of sediment is large
enough to discard as a pellet. It deposits the discard pellet a short distance from the scrapings.
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The exit hole, the scrape marks and the discard pellets are in three unrelated locations. S.
inflata, on the other hand, emerges from its burrow, and initially begins its foraging close to the
burrow entrance. It scrapes up sand into a ball that rests on the sediment surface, and it gathers
its food from the surface of the ball (the pellet). The pellet is bordered by scrape marks. Once
the sediment is depleted of food, the crab moves a short distance in a radial line away from its
burrow entrance and scrapes up more sand into a separate ball that rests on the sediment
surface. This practice continues as the sand bubbler crab progressively moves further and
further from the burrow entrance, leaving a line of pellets and scrape marks. In this case, the
burrow entrance hole, the scrape marks and the feeding pellets are all spatially related.

In terms of burrow permanence, many crab species have fixed burrows (to which they return on
the rising tide, as mentioned above), re-excavating or cleaning out their burrows on exposure at
the next low tide, or have a permanent burrow entrance. Species of the fiddler crab Uca are an
example of the former, and species of the ghost crab Ocypode, or the mangrove grapsid crabs
are examples of the latter (Hill & Hunter 1973; Crane 1975; Gherardi et al. 1999; Gherardi &
Russo 2001; Breitfuss et al. 2004). Other crabs, while adapted to shifting sand under wave and
tidal action, or whose burrows collapse under water-saturated conditions, may re-establish their
burrows in a single fixed position during the ensuing interval of the low tide. For example,
species of the sand bubbler crab Scopimera reside in a burrow that collapses at high tide
(Gherardi et al. 1999). They re-excavate their burrows during low tide such that there is a
permanent vertical burrow (whose entrance is surrounded by radiating rows of feeding pellets).
The activities of M. occidentalis stand in contrast to the above. Their surface-parallel tunnels
are ephemeral or transient structures, effectively similar to gastropods that forage and move
through the sediment in the near-surface, creating a trail of ploughed sediment. The cavities of
the soldier crabs also are generally ephemeral, transient structures, but can remain as a short
term temporary (static) feature. In summary, the soldier crab, M. occidentalis, whether on the
surface or in the subsurface, is generally mobile and, as such, creates a complex range of
ichnological products that are ephemeral and transient. My conclusion, therefore, is that the
behaviour of M. occidentalis, in contrast to that of many other crabs, is ichnologically complex.

However, M. occidentalis is not alone in exhibiting such complex ichnological behaviour.
Some degree of complexity, though not to the same level as M. occidentalis, was documented by
Gherardi et al. (1999) for the Scopimerinae crab, Dotilla fenestrata. These authors considered
the variety of burrow-oriented activities of D. fenestrata to be the result of rigid and plastic
patterns, essentially an adaptation to the vagaries of intertidal habitat. Gherardi et al. (1999)
concluded that the activity of D. fenestrata could be classified in a number of stereotyped
behavioural patterns, the occurrence of which may change throughout the low water or on the
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basis of the crabs' relative size, according to an expected schedule. Digging, for instance, was
more pronounced in larger individuals and mostly occurred when the crab emerges or just
before it seals itself inside the burrow at the flooding tide. However, in contrast, maintenance of
their burrows was a constant behaviour. Gherardi et al. (1999) documented the range of
adaptive flexible behaviour in D. fenestrata. This included: the presence within the same
population of both burrow-centred crabs and wanderers; the construction by the burrow-centred
crab sub-population of two types of burrows (feeding-trench burrows and igloos); and
significant differences in the behavioural budgets of the inhabitants of the two burrows. The
ability of this species to ‘switch’ modes of activity allows responses to both the predictable and
unpredictable elements of intertidal environments. However, while there is relative complexity
in behaviour of D. fenestrata, manifest to some degree in the abundance and types of its
ichnological products, M. occidentalis appears to be a far more complicated crab in terms of its
in-faunal or epi-faunal behaviour in relation to tides, its life stage, and its feeding strategies
(whether emergent, in subsurface tunnels, or in subsurface cavities).

Our aquarium observations allowed us to recognise that the creation of cavities is an important
part of soldier crab activity, and this suggested a re-investigation of the crab in the field to find
similar products of such activity. The details of the cavities in terms of their size, shape, and
geopetal mud floors obtained from aquarium observations facilitated recognition of such
features in the field, confirming that what was observed in the aquarium also was a feature of
the natural tidal-flat environment (Fig. 3-6B).

Subsurface cavities formed by crabs have been documented by other authors, though they have
ascribed different functions to them.

Maitland (1986), for instance, in describing large

membranous disks on the meral segments of Scopimera and Dotilla, considered that these crabs
retreated on the high tide to a subsurface air chamber within which they continued to breathe
air until the low tide. In effect, these subsurface cavities were considered by Maitland (1986)
to be breathing chambers. The cavities of Mictyris occidentalis, in fact, are a feeding chamber
and a resting chamber, as well as a breathing chamber. In a study of the soldier crab, Mictyris
longicarpus, from Eastern Australia, Maitland & Maitland (1992) concluded that the species is
an obligate air-breather. Their gill chambers were modified for both water circulation and airbreathing in that water circulates through lower gill compartments, and upper regions of the
gills are air-filled, functioning as lungs. This duality of function of the breathing chambers
enables the crabs to operate on the surface, explains their need for an air-pocket in the
subsurface at high tide, and how they survive if the air-pocket collapses. From aquarium
observations, Maitland & Maitland (1992) also describe Mictyris longicarpus as constructing
an “igloo” (or domed sand roof) above a pocket of air at the sediment surface prior to flooding
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by the tide, and then descending, with the pocket of air, to 10-30 cm depth, to wait out the high
tide [this “igloo” is analogous to the rosette structures described for Mictyris occidentalis in
this chapter]. In this respect, the behaviour of Mictyris longicarpus resembles that of Mictyris
occidentalis of this study. In another paper, Takeda et al. (1996) described “igloo” construction
in the ocypodid crab Dotilla myctiroides. In addition to constructing its vertical burrow,
Dotilla myctiroides rotates in the sand to form an encircling wall of sand pellets around it and
subsequently roofs the wall with pellets (the domed sand roof mentioned above). The resulting
burrow structure, also termed an “igloo” by Takeda et al. (1996), encloses a small quantity of
air together with the crab itself. Takeda et al. (1996) considered that such air chambers greatly
facilitated vertical movement of the crab, and that the making of an “igloo” was an adaptation
to enable construction of an air chamber in semi-fluid sand, where vertical burrows cannot be
constructed, because the sand was not sufficiently firm to prevent collapse. Again, in contrast,
the cavities of Mictyris occidentalis are a feeding chamber, a resting chamber, and a breathing
chamber, regardless of the consistency of the sand. Takeda & Murai (2004) also documented
Mictyris brevidactylus, a soldier crab from Southeast Asia, constructing two types of air
chambers, one near-surface for feeding, and the another, a deeper ovoid form for residency. In
this context, Mictyris brevidactylus appears to be constructing surface-parallel tunnels and
subsurface cavities, similar to those of Mictyris occidentalis.

Discovery of distinctive subsurface bioturbation structures evident in aquarium studies also
directed us to revisit the field environment to investigate and focus on similar structures in the
sediment. The characteristics of bioturbation structures meant that M. occidentalis, in addition
to its other obvious ichnological structures, left diagnostic subsurface structures in the sand,
that (if all other ichnological products were to be erased by processes such as wave action or
cavity collapse) could remain as a signature of the former presence of these crab (Fig. 3-14).

An important conclusion to emerge from this study was that the ichnological products of the
soldier crab relate to the life stage of the species, to whether or nor the adult crab emerged, and
to the tides.

Three periods of ichnological products relate to life stages of the crabs.

Populations dominated by crabs in their settlement phase and early stage of their life cycle
develop sediment surfaces strewn with clots. Populations dominated by crabs in the early to
middle stages of their life cycle develop sediment surfaces covered in pustular structures, and
concomitantly create subsurface cavities. Populations dominated by crabs in the middle to late
stage of their life cycle develop sediment surfaces covered in pustular structures, cavities in the
subsurface, exit holes, (sometimes) dactyl prints, discard pellets, and rosettes. Mixed-sized
populations resulting from continuous or pulsed juvenile recruitment into the population
therefore create a mix of ichnological products.
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The observation of variability in behaviour in the crab population in the aquarium had direct
implications for interpreting the activity of crabs in the field where there was also variability in
behaviour.

The aquarium observations confirmed that the crabs did not always behave

consistently as similar units. There was consistency in crab behaviour in that they built the
same types of structures at the same time of tide: e.g., pustular structures were produced on the
low tide; exit holes, the formation of discard pellets, and rosettes also were produced only on
the low tide. The development of cavities occurred on low and high tides. But outside of these
patterns specific to the whole species, the crabs appeared to have independent behaviour. Thus,
while there may have been emergences en masse, or large areas worked into pustular surfaces,
it was not predictable that all crabs would all emerge throughout the entire habitat at the same
time, and that all crabs in the subsurface worked the sediment to create a pustular surface, or
that all crabs in the subsurface worked in their cavities at the same time.

Rather, the

emergences and development of pustular surfaces, and the periods of quiescence of surface
activity was variable from site to site in the habitat (measured in terms of several metres), even
though the entire habitat (measured in terms of several tens of metres to hundred of metres) was
populated by these crabs in the subsurface.

The variability of behaviour of the crabs in the aquarium could have been interpreted as an
aberration or artifact of the behaviour of crabs imprisoned in a tank, but in fact, once the factor
of behavioural variability was determined, it correlated with observation of crab behaviour in
the field, and explained observations of the behaviour of natural crab populations in VCSRG
and my studies over decades. That is, the behaviour of the crabs in the natural environment has
similarly been sporadic or variable. In contrast, Scopimera and species of Uca in a given
burrowing population generally all behave similarly at the same time (there are generally no
absentees or deviations from the individual pattern, so if one crab emerges and feeds, then all
crabs appear to emerge and feed). But soldier crabs are variable in behaviour: under the same
conditions of exposure, light, wind, pellicular water content, and salinity, not all individuals act
the same way; some emerge, some tunnel, some stay in the subsurface; then the next day all
may emerge; and for the ensuing days the variable behaviour continues. This was particularly
emphasised by the aquarium studies because clearly all external factors of exposure, light,
wind, pellicular water content, and salinity were similar throughout the aquarium, yet
individuals in the population of 30 crabs did not respond uniformly.

The variability of preservation of soldier crab ichnological products also relates to the tidal
cycle, i.e., whether it is a period of spring tide or neap tide. Spring tides are associated with
swifter tidal current velocities, and crab ichnological products have a higher chance of
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reworking during an ensuing high tide. During neap tides, with the thin film of mud deposited
by scour lag / settling lag processes, soldier crab ichnological products stand out in contrast,
and have the best chance of preservation; also, dactyl prints and tracks, if present, are best
preserved on the mud films.

In summary, the key points deriving from aquarium observations of crab activity below the
sediment surface was that there were cavities, that crabs were feeding from sludge at the base
of the cavity, that there was subsurface movement of the crabs, (laterally and vertically, and
similar movement, axiomatically, of the cavity around them), that vertical hollow shafts were
produced by a crab in the process of emerging and re-entering the sediment, and that the
subsurface activity could produce distinctive bioturbation patterns. There were a range of
ichnological products generated by the same organism depending on stage of life, time of tide,
and whether the crab emerged or not.

The key soldier crab traces, in chronological order of development from time of high tide to
time of low tide, are: cavities, clots, excavation pellets and discard pellets, meandering
pustular-sand-roofed surface-parallel tunnels, exit holes, dactyl prints, scrape marks, surfacedeposited discard pellets, and rosettes. The discard pellets forming the tunnel roof and the
surface discard pellets are formed the same way, but one is attached by the crab to the roof
from below, the other is formed on the surface by emergent crabs, albeit the latter contain more
pellicular water and are initially less cohesive, and are also more pigmented.

This present study showed a direct correlation between field work and aquarium observations,
and provided explanation of the field results.

All ichnological products observed in the

aquarium had their counterpart in the natural environment. Interestingly, while the aquarium
study was set up to observe and explain what was documented in the field, and to add to the
understanding of the ichnological behaviour of the crabs, it resulted in the observation of
additional features such as mud-floored cavities and bioturbation structures that initially were
not readily apparent or interpretable in the field, and that now could be targeted specifically for
discovery and investigation in the field.

The ichnological results of the chapter also can be useful paleoichnologically in Quaternary
rocks for the identification of soldier crab workings and interpretation of tidal environments
that soldier crabs inhabit.
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CHAPTER 4
4. The Western Australian soldier crab, Mictyris occidentalis Unno 2008
(Brachyura: Decapoda: Mictyridae): the importance of behaviour in design
of sampling methods
4.1 Introduction
Sampling strategies and methods for marine benthic macroinvertebrates depend on the specific
objectives of the study which may range from collections for taxonomic, biogeographical, and
physiological studies, to quantitative ecological studies describing population dynamics
including abundance, size, and distribution, as well as aspects of life history such as
reproduction, recruitment, and mortality. For quantitative studies, accuracy and robustness of
results and hence the correctness of conclusions derived from interpreting these data depend on
the use of sampling strategies and methods appropriate for the type of organism being sampled,
the nature of the organism’s habitat and the sampling effort (number of replicates). For a given
species, sampling strategies or protocols involve the design of a sampling program, i.e., when,
where and how to sample, and use of methods involving particular equipment and techniques
appropriate to the objectives of a study. Traditional sampling strategies may include use of
random quadrats, or sampling at regular intervals along transects, etc. Traditional sampling
methods include the use of equipment such as sweep nets, suction devices, grab samplers,
dredges and cores. While there have been several examples of generalised sample design
(Green 1979; McIntyre et al. 1984; Clark & Green 1988; Riddle 1989; Underwood 1997;
Underwood & Chapman 2001), and studies of methods for collecting benthic organisms
(Holme 1964; Boudouresque 1971; Parker 1975; Ankar et al. 1979; Warwick & Clarke 1991;
Eleftheriou & McIntyre 2005) in the literature, this chapter is the first description of a sampling
strategy and methods specifically for the Western Australian soldier crab M. occidentalis Unno
2008, designed in response to information on its life stages and its behaviour. These methods,
in fact, are applicable to some degree to other species of Mictyris.

Speciation within a genus can result in behavioural differences between the taxa. The species
of fiddler crab, Uca, exemplify this: with over 50 species of Uca worldwide, each species
exhibits differences in habitat preferences, depth of burrowing, shape of burrows, and other
behavioural characteristics (Crane 1975). In 2008, five species of Mictyris were described in
the Indo-Pacific region (Davie 2002; Chapter 2 & Unno 2008a), and while they show some
similarities in behaviour, it is not to be unexpected that speciation could result in differences in
behaviour and habitat preferences of the various taxa within this genus. Thus, while the results
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of this chapter are specifically directed to the sampling of M. occidentalis, the principles of
adjusting methods to be appropriate to the behaviour of the Western Australian soldier crab,
described herein, at the least, can be applied to other species of Mictyris in the Indo-Pacific
region in that generally there is enough overlap and similarity in the behaviour of the various
species, though not necessarily in detail.

The Western Australian soldier crab, M. occidentalis, is infaunal to epifaunal and is
behaviourally a complex organism (Chapter 3 & Unno & Semeniuk 2008), and this can result in
difficulty in its sampling, and ambiguity in a given set of results. If the complex crab behaviour
is not addressed, sampling is likely to result in data that are incomplete, or that are artifacts,
spurious, biased, or ambiguous.

In general, for any macroinvertebrate on tidal flats, where studies of abundance, population
dynamics, and population structure are undertaken, information on the whole subpopulation,
under or on the area of tidal flat being sampled, is required, i.e., for a given area of sampling a
representative sample of the population needs to be retrieved.

Further, if portion of a

population has emerged (is epifaunal), for valid intra-population comparisons of abundance,
size classes, and sex ratios, the epifaunal and infaunal components of the population need to be
sampled concurrently.

Specifically for M. occidentalis, since this species spends most of its life cycle as infauna, and
emerges generally during the late stage of its life, there can be problems in sampling the
populations. Further, its behaviour, whether infaunal or emergent, is variable, and spatially and
temporally patchy. For instance, if any adult crabs emerge, there is a proportion of the crabs
that may remain in the subsurface. This is particularly so if the population is composed of
mixed juvenile and adult cohorts, but also is the case even if the population is composed of
only adults. Additionally, even if remaining wholly in the subsurface, the population also may
behave variably, with patches working the sediment as near-surface infauna, and other parts of
the population remaining inactive (Chapter 3 & Unno & Semeniuk 2008).

This chapter reports on the variety of behaviour of the Western Australian soldier crab Mictyris
occidentalis with regard to the way it has reacted to various sampling techniques, and in
relation to the problems that may arise if researchers do not address soldier crab behavioural
variability, with a view to describing the best sampling methods for the soldier crab during
various stages of its life cycle.
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This chapter is structured as follows:

•

description of the complex and variable behaviour of M. occidentalis

•

review of soldier crab sampling methods in the literature

•

implications of soldier crab behaviour for determining appropriate sampling
strategies and methods

•

sampling methods investigated in this study

•

results of various sampling methods employed in this study

•

conclusions and recommended strategies and methods for sampling soldier
crabs

This work is based mainly on three study sites along the Western Australian coast: King Bay
(Dampier Archipelago), Settlers Beach (near Cossack), and Broome (Fig. 4-1A), and detailed
work in the Dampier Archipelago (Fig. 4-1B).

In this chapter, the term “box core” is used for a metal open-ended box, with square crosssection, used for coring sediment; “cylindrical core” is a term used for circular pipes, usually of
polyvinyl chloride, but also of metal; and “spading” is used describe the excavation of sediment
by spade, usually from inside a marked quadrat.
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Figure 4-1. Location map and sampling sites.
A. Sampling localities along the coast in Western Australia. Grey border to coast shows the
biogeographic extent of Mictyris occidentalis.
B. Soldier crab habitat (after Unno & Semeniuk 2008) and sampling sites in King Bay,
Dampier Archipelago.
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4.2 Complex and variable behaviour of M. occidentalis

Behaviour of the Western Australian soldier crab on the tidal flat, particularly in relation to the
various ichnological products generated by the crab, is linked to its life cycle. Excluding its
marine larval stage, the soldier crab life cycle can be divided into three stages: the early, postsettlement stage where the crab has a carapace length of 1-3 mm; the middle, juvenile stage
with a carapace length between 3-7 mm; and the late, adult stage with a carapace length of 7–
17 mm carapace. This post-larval life cycle takes about twelve months from recruitment to an
adult size of 12 mm carapace length.

Throughout most of their life stages the crabs are largely infaunal, maintaining a subsurface air
bubble, and can migrate horizontally or vertically through the substrate in this cavity (Chapter 3
& Unno & Semeniuk 2008). The early, post-settlement stage crab generally is entirely infaunal
- the only ichnological clue to its presence is a tiny “clot” of sand on the sediment surface, the
result of subsurface feeding and burrowing activities. Juvenile and adult females also are
largely infaunal, producing a range of ichnological products as a result of their feeding and
burrowing activities, including singular pustular structures, tunnel structures and pustular mats
as well as subsurface structures such as air-filled elongate to circular cavities 1-2 cm in
diameter (Unno & Semeniuk 2008). Crabs can produce pustular structures during a low tide
either diurnally or nocturnally.

When emergent, adult female crabs produce craters and

rosettes. Based on aquarium studies, supplemented by field observations immediately after a
receding tide, Unno & Semeniuk (2008) documented soldier crabs moving their air bubble
cavities deeper into the sediment during high tide, to avoid predators, and during low tide,
moving close to the surface to commence feeding activities. If the crabs remain infaunal in the
near-surface, these feeding activities produce discard pellets which are pushed to the surface,
accumulating to form pustular structures and tunnel structures which, over the course of the low
tidal period, may form an agglomerated pustular mat structure of sediment workings spread
over large areas of the tidal flat. An index, then, of the crab population proximity to the very
near-surface is the appearance of a mat of pustular structures (Unno & Semeniuk 2008). In the
aquarium, the crabs remained in a zone 10 cm from the sediment surface for simulated low tide
and high tide (Fig. 4-2).
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Figure 4-2. Occurrence of crabs and their
subsurface cavity under simulated high tide and
simulated low tide conditions in the aquarium.
The crabs occur within a topography-conforming
zone within 10 cm of the surface.

During some low tidal periods, late adult stage adults (mostly older blue males) may emerge,
form a swarm, and move about the surface, feeding, and leaving a pelleted surface of discard
pellets (Unno & Semeniuk 2008). During this late adult stage, the population may also exhibit
a temporary phase of not swarming. When a swarm commences, hundreds of individuals may
emerge and feed, but generally do not interact, appearing to move randomly over the tidal flat.
However, if a predator (or a human who is perceived as a predator) appears, each individual
crab will move in the direction away from the predator, producing an effect that appears to be
movement in concert as occurs in an “army”.
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The behaviour of Mictyris occidentalis, whether infaunal or emergent, is variable, hence
activity occurs in a patchy manner. For instance, for every emergence of crabs, there is a
proportion of the crabs that may remain in the subsurface. This is particularly the case if the
population is composed of mixed stages of cohorts, but also the case even if the population is
composed of a single cohort. If remaining wholly infaunal (i.e., remaining in the subsurface),
the population also may behave variably, with patches of workings appearing on the sediment
indicating near-surface infaunal activity, and other parts of the population remaining lower in
the substrate with no surface expression of their activities (cf. Figures 8 & 9 of Unno &
Semeniuk 2008).

Subsurface activity of infaunal soldier crab populations is variable from day to day with some
crabs moving horizontally or vertically through the substrate while others remain relatively
inactive. The habitual, undisturbed depth of occurrence in the substrate of the soldier crab is
best observed in aquarium studies and is generally between 0 cm and 15 cm (Unno & Semeniuk
2008).

4.3 Review of soldier crab sampling methods

A basic prerequisite for present and future comparisons of the various behavioural activities,
population dynamics, and partitioning of soldier crab populations in terms of their life stage and
sex class, is that comparable data are/were collected for the various species of Mictyris. To this
objective, the various sampling methods for the species of Mictyris worldwide were reviewed
to provide an assessment of the reliability of the data and information in the literature.

Various aspects of the Mictyris species in the field and in the aquarium have been described in
papers from South-east Asia and Australia. Topics for study have included: taxonomy and
biogeography (Alcock 1900; McNeill 1926; Takeda 1978; Unno 2008a); physiology (Quinn
1980; Sleinis & Silvey 1980; Kraus & Tautz 1981; Maitland & Maitland 1992); ontogeny
(Cameron 1965; Fielder et al. 1984; Fukuda 1990); ichnology (Unno & Semeniuk 2008);
feeding (Quinn 1983); reproduction (Nakasone & Akamine 1981; Takeda 2005); population
dynamics (Shih 1995; Dittmann 1998); behaviour (Cameron 1966), and ecology (Cowles 1915;
Rossi & Chapman 2003; Webb & Eyre 2004). Most of these papers, however, do not describe
in detail the sampling methods employed to collect crabs.

A selection of key research papers on soldier crabs that do describe, imply or allude to
sampling methods for collection of crabs are reviewed below, with a focus on sampling
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methods for crabs in their natural tidal flat environment, and the sampling methods therein
assessed using criteria, when appropriate, as to whether the sampling appeared to achieve the
objective of the paper, whether the whole population (epifaunal plus infaunal components) or
only a partial population actually was sampled, and whether disturbance during sampling
possibly triggered a reaction in the crab to “escape from a predator” such that the results were
inadvertently biased.

The early work on soldier crabs was taxonomic and involved qualitative observations of
burrowing style and burrowing depth. Cowels (1915) focused on the habits, feeding and
burrowing behaviour and the ichnological products of M. longicarpus Latreille, 1806 in the
Philippine Islands (a taxon now assigned in that region to M. brevidactylus Stimpson, 1858),
including the production of subsurface cavities. Cowles (1915) excavated to at least ~ 10 cm to
study the crab (actual depth was not reported but can be estimated from Figure 3 Plate II of
Cowles 1915). Information of direct relevance to this chapter is that the soldier crab
M. brevidactylus undertakes “predator avoidance” by rapidly burrowing, and that it burrows to
a depth of at least 10 cm.

In a largely taxonomic paper, McNeill (1926) anecdotally described the occurrence and habits
of various species of Mictyris, drawing on notes and comments of collectors for M. livingstonei
McNeill, 1926 and M. platycheles H Milne Edwards, 1852, but provided direct
information/descriptions of the behaviour of M. longicarpus. From opportunistic collection in
the Botany Bay region from swarms, and supplementary sampling by excavations by spade,
McNeill (1926) describes M. longicarpus as occurring in the subsurface to depths of 5-9 inches
(~ 15-22 cm).

Cameron (1966) reported on visual and filmed observations of swarms of M. longicarpus
carried out from a hide on the tidal flat. Although primarily a study of swarming behaviour,
excavations by spade also were carried out for qualitative determination that there were soldier
crabs in the subsurface at the same time that the crabs were swarming. Cameron (1966)
confirmed McNeill’s (1926) observations that male soldier crabs were predominant in the
swarm but does not describe the method used for this observation/conclusion.

Nakasone & Akamine (1981) described the reproductive cycle of the soldier crab and the
growth of juveniles over a year for

M. brevidactylus, collecting crabs by excavating

50 cm x 50 cm quadrats (reducing the quadrat size to 25 cm x 25 cm if large numbers of
juveniles were present) and sieving the sediment through two mesh sizes (a 2 mm mesh, and
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later, a 10 mm mesh). Depth of sampling was not recorded in the description of the methods.
Also, the actual method of excavation was not described in detail, although it is unlikely that a
box core with such large sides (50 cm) would have been used, and it appears probable that the
quadrat size was a marked area on the tidal flat to delineate the area of excavation. The
reported population structure may have been inaccurate due to incomplete collection of crabs.
Juvenile recruits < 2 mm would not have been collected in this study. Large adults may also
have been under-represented in the reported population structure for subsurface crabs due to the
sideways or downward escape movements (see later).

No sampling of the subsurface

population occurred at the same time as the collection of swarming crabs.

In collecting crabs for physiological studies in the laboratory of the functioning of the lungs of
soldier crabs, Maitland & Maitland (1992) reported on the behaviour and burrowing activities
of M. longicarpus in Botany Bay, and noted that they accorded with the observations of earlier
authors. They excavated soldier crabs with a spade to 30 cm, and observed that the crabs occur
between 10-30 cm below the sand surface. The disturbance of the sediment due to excavation
by spade may have driven the crabs to deeper levels, therefore the maximum depth of 30 cm
may not represent the normal habitation level of the soldier crabs.

Shih (1995) undertook a study of the population densities and annual activities of
M. brevidactylus in Taiwan, providing data on abundance, growth rates, egg-carrying period of
the female, and sex ratios. The description of methods in the paper is confusing because while
a quadrat 1 m x 1 m x 0.2 m was excavated to retrieve the crabs, the author describes
(manually) collecting only obviously visible crabs > 4 mm in size.

However, population

structures presented in Figures 3 & 4 of Shih (1995) show apparently that animals from 1 mm
to 15 mm were collected. The methods make no mention of sieves or sieve sizes involved in
the study, though it would be difficult to manually collect crabs in the 1-4 mm size range, and
so it is likely that a sieve was used. Sediment disturbance was not accounted for: the quadrats
to sample the subsurface population were relatively large (1 m x 1 m) and would have taken
some time to excavate, thereby increasing the chance that the crabs might have escaped by
burrowing out, or burrowing deeper to avoid collection by the “predator” researcher. Whether
the species naturally occurred at depths > 20 cm, or whether the animal burrowed to depths
> 20 cm to avoid collection, is not known, and hence the data on population structure and sex
ratios may be biased or incomplete. Thus, the results of Shih (1995), at this stage, should be
viewed as potentially spurious or ambiguous.

Dittmann (1998) undertook studies on the behaviour and population structure of
M. longicarpus in Queensland, collecting crabs from swarms for sex ratios and size class
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measurements. Sex ratios and size classes were estimated for emergent crabs only, and the
structure of the subsurface population under the swarm was not addressed. The sex ratio of all
population components (emergent and subsurface) also was not documented.

This is an

example of the focus on the very obvious swarms on the tidal flat surface based on the
assumption that the whole population swarms at the same time.

Rossi & Chapman (2003) studied the influence of sediment on burrowing by the soldier crab
M. longicarpus in Port Jackson and Botany Bay in New South Wales. Abundances were
determined by counting crabs collected from sediment excavated from plots 30 cm x 30 cm x
20 cm deep (presumably by spade or similar tool), and sieved through a 2 mm mesh. The
authors observed from preliminary diggings that soldier crabs generally excavate the sediment
to a depth of 15 cm and selected the plot size for ease of removal with minimum disturbance.
Results for abundance and size classes for this study would be accurate for the > 2 mm sized
crab population, due to the smaller quadrat size.

In a study of M. brevidactylus in Japan, Takeda & Murai (2004) undertook observations on
soldier crab feeding behaviour in relation to water levels, and determined abundance and size
class measurements as well as sex ratios. They primarily focussed on collecting crabs from
swarms and only once concomitantly from the subsurface by excavating 5 blocks of sediment
50 cm x 50 cm x 30 cm deep (presumably by spade - the exact method is not mentioned, but
sampling a quadrat 50 cm x 50 cm in size would suggest a quadrat marked on the tidal flat
surface and excavated, rather than a large metallic box core to core the sediment). Sediment
disturbance is not accounted for since the subsurface population sampling quadrats were
relatively large, and would take some time to excavate, thereby increasing the chance of crabs
escaping by their sideways or downward mobility. As with Shih (1995), excavating soldier
crabs in such large quadrats to a depth of 30 cm would have run the risk that the animals may
have burrowed deeper and sideways to avoid collection by the “predatory” researcher. As such,
the results of Takeda & Murai (2004) at this stage, similar to the results of Shih (1995), should
be viewed as potentially spurious or ambiguous as the data on population structure and sex
ratios may be biased or incomplete.

Takeda (2005) sampled soldier crabs in a study of sexual differences in behaviour during the
breeding season of M. brevidactylus in Japan. This was not a study of population structure, and
as such Takeda (2005) retrieved animals, after they had ceased their surface activities
(emergences), only from a quadrat 50 cm x 50 cm to 20 cm depth, over an area where there
were soldier crab surface workings (term from Unno & Semeniuk 2008). The description of
the methods employed by Takeda (2005) suggests that the 50 cm x 50 cm quadrat was placed
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(or marked) on the surface to mark the area for excavation only and was not an open-ended
metal box (a box core). The sand excavated was washed though a 2.5 mm sieve to collect the
animals.

Interestingly, with the same species, M. brevidactylus, Shih (1995) and Takeda (2005) both
excavated sediment to depths of 20 cm, while Takeda & Murai (2004) excavated to depths of
30 cm. If the crab occurs to depths of 30 cm, Shih (1995) and Takeda (2005), in fact, did not
fully retrieve all animals in a given quadrat, and if the animal burrowed to depths > 30 cm, the
three studies did not fully retrieve all animals in the study quadrats. If during sampling, the
animals were undertaking “predator avoidance” behaviour, and burrowed even more deeply,
then Shih (1995), Takeda & Murai (2004) and Takeda (2005) have under-sampled the soldier
crab populations.

All methods of sampling described above did not seem to make allowance for crabs burrowing
deeper to avoid “researcher predation” and so the maximum depths recorded for observed
occurrence of soldier crabs may be an artifact of sampling procedure. In the study by Takeda &
Murai (2004), the population numbers may be also be artifacts if the authors did not account for
possibility of rapid lateral migration by the crabs to avoid predation. In the studies by Dittmann
(1998), only surface swarms were collected, and as will be described later, these may provide a
biased sample of the total population size classes and sex ratios if the subsurface crabs were not
sampled. Only Rossi & Chapman (2003) appear to have addressed the importance of not
disturbing the sediment during excavation of quadrats.

A problem with all the sampling that involved excavation of a quadrat, particularly where the
water table is near the surface, is that the sides of a 20 cm or 30 cm wall of sand will collapse,
and crabs residing in the sand adjoining the quadrat will slump into the excavation, or migrate
in the subsurface into the excavation (see later). In this context, it is important to have a wall
that supports the sides of the excavation, i.e., the side of a metal box (a box core), or the side of
a large diameter pipe ( a cylindrical core).
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4.4 Implications of soldier crab behaviour for sampling strategies and methods

From the literature, and from field work in northwestern Australian, it is evident that to obtain
robust data on population dynamics, size structures, and sex ratios, sampling of Mictyris must
involve infauna populations as well as swarms, and must address a number of issues.

The first issue is ‘where to sample’. As vagile organisms, soldiers crabs do not always occur in
the same area within the habitat. Sampling within a fixed area within the habitat of size, say, 5
m x 5 m, marked by posts, may result in variable numbers from week to week, or month to
month, which do not reflecting real changes in abundance, but the variation in density due to
internal adjustment of the density of the population.

These types of results, of varying

abundance in time reflecting an internally temporally changing density, contrast with organisms
such as infaunal bivalves, that may remain resident within a patch of habitat for months, or
fiddler crabs, that remain in relatively fixed burrows for weeks and months. Thus, sampling in
the same fixed location may provide results showing variation in population density, but this
may not be reflecting the very localised immigration and emigration of individuals into and out
of the fixed sampling site.

The use of pustular structures as evidence of the crabs in the near-surface also is not a reliable
indicator of the occurrence of crabs in the subsurface within the habitat, or within a fixed
sampling site. Pustular structures are variable in occurrence and density on a tide by tide basis
(Figure 9 of Unno & Semeniuk 2008).

The second issue is ‘how deep does the crab burrow?’. When it is necessary to obtain samples
of populations to determine density, density variations, size classes, and sex ratios, it is
important to know that the entire subpopulation has been retrieved. Sampling to 10 cm depth
by coring, if the crab is burrowing from near-surface to depths of 40-50 cm depths, clearly will
produce a biased and inaccurate estimate of abundance, size classes, and sex ratios.

Conflicting results have been reported on the depth of occurrence of soldier crabs within the
substrate and hence how deep sampling must be to retrieve a representative sample of the
population. Sampling of the Western Australian soldier crab shows that the species reacts to
the sampling regime as though the researcher were a predator, i.e. the crab digs deeper into the
sediment in an escape response (see later). The depth of occurrence of the crab during
sampling often is a function of (or a bias reflecting) sampling style, e.g., slow incremental
sampling may drive the crab to deeper depths to avoid what it may perceive as proximity of a
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predator. Hence, while Maitland & Maitland (1992) reported that the soldier crab was found at
a depth of 30 cm, in this instance it appeared that the crab may have been retreating from
anthropogenic excavating activity. Ascertaining the normal habitation range of the soldier crab
within the substrate and therefore the required length for sample cores should be an important
objective of any ecological study.

Thirdly, given that the adults are the main size class that swarms, and that mid-aged
individuals, juveniles, and settlement phase individuals largely remain in-faunal, the next group
of issues are: ‘what proportion of the population swarms?’, and ‘what size class swarms?’.
Here, it is necessary to obtain information on the swarm and well as on those crabs remaining
as infaunal. Simply collecting animals that are swarming will not provide accurate information
on the density and size classes within the population.

The fourth issue is ‘what proportion of males versus females occurs in the population’ and
‘what proportion of males versus females emerges as a swarm’. This requires information on
the swarm, the remaining infaunal subpopulation, and the subpopulation prior to swarming.
Here again, simply collecting animals that are swarming will provide information on the sex
ratio of the swarm, but not accurate information on the sex ratio of the population.
The fifth issue is behavioural variability. This matter is not concerned with static spatial
variability in density, which would be addressed through random replicate sampling, but rather
the matter of variability in crab behaviour which may result in variation in density of crabs
spatially (vertically and laterally) in time, and variability in expression of their ichnological
products on the tidal flat surface. This is reflected in behaviour of the crabs where, within the
length and breadth of the soldier crab habitat, some crabs may emerge in patches while others
create surface workings in patches, and yet others remain inactive.

The sixth issue is ‘does the crab population partition with depth with respect to their size
classes and to sex ratios’. This issue is not explored in this chapter.

The seventh issue is that, at least for M. occidentalis, sampling can initiate a “predator
avoidance” effect in the species - that is, during sampling, the crab may burrow deeper, and that
during low tide, while in general it may reside and be active at depths of 1 cm to 20 cm, it may
burrow to depths of 40-50 cm to avoid perceived possible predation. There are indications
from descriptions in the literature that other species of Mictyris generally behave in a similar
manner. As a result, if sampling is too prolonged, coring the upper 20 cm may not retrieve all
the animals that were residing under the selected sampling quadrat or core site, and excavating
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the animals from a quadrat by spade may also induce a “predator avoidance” effect, and cause
the animals to burrow deeper than 20 cm, often to depths of 50 cm to avoid collection.

As mentioned earlier, the literature shows that there has been an emphasis on sampling
swarming soldier crabs, and a number of studies have not recognised that a proportion of the
population, in fact, had remained subsurface, that the sex ratio of the emergent crabs was
different from the ratios of those that remained infaunal, and that the size classes also differed
between emerged crabs and infaunal crabs. A contrast is the work of Takeda & Murai (2004)
who sampled emergent and infaunal crabs, and Rossi & Chapman (2003), who sampled the
crabs as infaunal animals.

4.5 Sampling methods investigated in this study

Various methods of sampling for soldier crabs are described below according to particular
objectives including monitoring of fixed sites, monitoring of areas with pustular structures,
depth of occurrence of soldier crabs, and the components of populations dynamics consisting of
abundance (subsurface population, and swarms), size classes, and how many replicate samples
are required. Most of the work was carried out at King Bay, Dampier Archipelago, however,
data from Settlers Beach, near Cossack, and Broome are also included.

Sampling was carried out during a low tide period. It would be possible to sample at high tide
using a boat equipped with a Van Veen grab or similar such devices, or using divers and hand
corers.

However, these latter methods would be logistically difficult and potentially

statistically inaccurate with crab numbers likely to be under-represented due to crabs
potentially being lower in the substrate to avoid predators during high tide, and more liable to
escape collection attempts. Hence sampling during low tides is preferred.

A major problem with sampling on tidal flats, however, is that any excavations by spade, and/or
enlargement of excavations around box cores to deepen the sampling, involves interacting with
the water table. The water table under tidal flats generally is 10 (-20) cm below the surface
during low tide (depending on time of sampling after the tide had receded). As a result, if the
walls of the excavation were unsupported, sediment would slump into the excavation and, at all
times at depths below 10-20 cm, the material being sampled was a sand/water slurry of varying
thixotropy. Crabs normally are relatively mobile in the sand, but this mobility is accelerated
when the matrix within which they reside has become a slurry. Also, the slurry itself is
dynamic, flowing into excavations and, wherever there is a positive hydraulic head, carrying
with it crabs entrained in the hydraulic flow (this is particularly the case for juvenile crabs).
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This is a problem that results in artificial numbers of crabs and artificial occurrence of crabs at
depth, as will be described later.

To determine the minimum number of replicate samples required to characterise the density of
crab populations by coring, 15 box cores were sampled on 4 sites and the cumulative mean and
standard deviation were graphed against cumulative number of cores. These results showed that
a minimum of five box cores were required to characterise the density of the population (Fig. 43). From time to time, however, when crab densities were low, 10 or 15 box cores were used.
Generally, for cylindrical cores, 15 replicates were used.

In all sampling procedures, the sediment retrieved was washed through a 1 mm sieve to retrieve
the crabs for counting, measurement, and sex determination. In the earlier part of this study,
crabs were returned to the laboratory for measurement. In the middle to latter part of this study
crabs were immediately measured in the field and released, or kept and measured over the high
tidal period, then released on the next low tide. For crab size, the crab carapace length (Chapter
2 & Unno 2008a) was measured with vernier calipers. Adult soldier crabs exhibit sexual
dimorphism and their sex was determined as follows: male chelipeds are robust and have a
large domed tooth on the inner surface of the moveable finger; female chelipeds are more
slender and sans tooth on the moveable finger; males can also be quickly identified by gently
lifting the abdominal flap to expose the male twin peni.
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Figure 4-3. Results of cumulative box core sampling showing
relationship of mean and the standard deviation to sampling effort.
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4.5.1 Sampling of fixed sites
Sampling over time within the soldier crab habitat in King Bay, Dampier Archipelago and at
Settlers Beach, Cossack (Fig. 4-1) was generally within a fixed area, marked by posts or
position fixing.

The soldier crab habitat in King Bay is reasonably well defined (Chapters 3 & 5; Unno &
Semeniuk 2008, 2009). It is a sandy, mid-tidal to high-tidal flat, specifically a sandy ebb-tidal
delta located at the mouth of a tidal creek (Semeniuk et al. 1982; Semeniuk & Wurm 1987; and
Fig. 1 of Unno & Semeniuk 2008). The surface of the habitat is pocked with feeding
excavations of stingrays, hence in detail the habitat is undulating, composed of a series of pools
and low sand mounds. The sampling sites in King Bay are notated as sites 1, 2, 3 and 4 (Fig. 41B). Within these fixed sites, sampling by 5-15 randomly-located replicate box cores was
carried out on consecutive tides, or consecutive days, or separated by two or three days for sites
1, 2, 3 and 4 (Fig. 4-1B). A t-test was carried out to assess the significance of the difference of
the means of densities of populations determined during different sampling times (with p >
0.05).

For some sampling periods at site 4, subsets of this fixed area were sampled, and these were
notated as 4A and 4B. Sampling by box cores on a monthly and quarterly basis also was
carried out at the fixed sites at King Bay, but this is the subject of a later chapter (Chapter 6).

The soldier crab habitat at Settlers Beach is the low-gradient mid-tidal to low-tidal sand flat,
with sand mounds and shoals and ripples, at the toe of a moderately sloping sandy beach.
Within the fixed sites at Settlers Beach, sampling by 10-15 randomly-located replicate box
cores or cylindrical cores was carried out.

4.5.2 Sampling of areas with pustular structures
Given that the crab population appeared to be internally mobile, to ensure that crabs were
collected within the habitat, in addition to random box cores on tidal flat surfaces (with or
without pustular structures), sampling within a fixed area also focused on areas that exhibited
pustular structures, i.e., where there was surface evidence of infaunal crabs. Mapping of
pustular structures and other crab workings was carried out and this showed that the areas of
presence or absence of workings was variable (Figures 8 & 9 of Unno & Semeniuk 2008). The
density of crabs under workings also was determined by transect A’-B’ (Fig. 4-4) where five
replicate box cores were sampled every two metres from the centre of an area of workings to an
area where crabs appeared wholly absent. The transect A’-B’ shown in Figure 4-4 crossed the
area of pustular workings evident on the morning of 23rd July into the zone where crabs were in
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the subsurface (but would be producing pustular structures in the afternoon), and into the zone
where crabs were absent. The results of sampling for crabs along the transect in Figure 4-4 for
the morning of the 23rd July shows the extent of the crab population, as well the relationship of
crab abundance to crab surface workings, and the occurrence of crabs in the subsurface (but no
pustular workings for the morning).

Figure 4-4. A. Map of the King Bay sampling sites (see Figure 4-1A this chapter; and Figures
1, 8 & 9 in Unno & Semeniuk 2008), and the extent of crab surface workings during the
morning and afternoon low tides of 23rd July 1982.
B. Results of sampling for crabs along transect for the morning of the 23rd July: extent of the
crab population, relationship of crab abundance to crab surface workings, and occurrence of
crabs in the subsurface (but no pustular workings for the morning).
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4.5.3 Depth of occurrence
These investigations attempted to determine the vertical range or depth of occurrence of the
soldier crab within the substrate as this information is required to ensure that the depth of
sampling was sufficient to capture a representative sample of the population.

Three types of sampling equipment were used to determine the depth of occurrence of soldier
crabs within the substrate: 1. spade; 2. box core; and 3. cylindrical core. Four types of
procedures were used: 1. large blocks of sediment removed by spade; 2. simple extraction of
sediment from within a box core; 3. removal of sediment by combined box coring and spading;
and 4. simple extraction of sediment from within a cylindrical core.

However, in detail, there were variations within these procedures because, as the sampling was
being carried out, it became evident that the crabs responded to the sediment extraction by
burrowing deeper. As a result, several types of sampling were undertaken: 1. with a view to
sample slowly (e.g., excavate layers in a box core, or layers in a quadrat by spade over several
minutes); 2. with a view to sample rapidly (e.g., excavate layers in a box core, or layers in a
quadrat by spade within a half minute); 3. with a view to create a disturbance while sampling
(e.g., insert cylindrical cores forcibly by hammering); 4. with a view to causing minimal
disturbance while sampling (e.g., insert cylindrical cores by gently vibrating the core into the
sediment).

When rapidly sampling sediment from the box cores or quadrats by spade the rationale was to
extract the sediment containing the crabs at their natural normal depths as rapidly as possible in
order to avoid distortion of results or loss of individuals due to their rapid burrowing deeper
into the sediment, or laterally escaping in the subsurface, both in an escape-from-predator
response. In these circumstances, with the box coring, cylindrical coring, and spading, the
sediment was removed rapidly in horizontally layered blocks of 5 or 10 cm thick.

There also appeared to be a natural depth difference in the occurrence of the crabs in relation to
tidal flats covered in pustular structures, or tidal flats not yet covered in pustular structures, and
in relation to the time involved after the tide had receded that the tidal flat was exposed. As
such, sampling was undertaken on tidal flats covered in pustular structures for comparison with
sampling on tidal flats not yet covered in pustular structures, and undertaken on tidal flats as
soon as the receding tide exposed the tidal flats for comparison with sampling on tidal flats
hours after the tide had receded.
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Since this was not a study of population dynamics or a study of the temporal variation in
population densities, but was a study of the efficiency of sampling style, then box cores,
cylindrical cores and spading were not always randomly located on the tidal flat but were
situated where crab workings were currently or previously evident, in order to ensure that there
were crabs in the subsurface. The presence or absence of soldier crab workings were also noted
during the investigations. There was exploration of whether crabs burrowed deeper under areas
devoid of pustular workings compared to areas with pustular workings.

At one stage, liquid nitrogen also was used to attempt collecting crabs in situ within the box
core and cylindrical cores (i.e., freeze the crabs in situ) to ensure that they did not burrow
laterally or vertically, but this procedure was not successful.

Specific details of the procedures employed are described below:
Spading: Spading involved the removal of blocks of sediment 20 cm x 20 cm in area by 30 cm
deep in two stages – removing a block of sediment 20 cm x 10 cm in area to 30 cm depth,
followed by removing the adjoining block 20 cm x 10 cm in area to 30 cm depth. The two
blocks of sediment were placed on a table, and squared off to the correct dimensions
orthogonally, and then separated into horizontal 10 cm lots which were placed in plastic bags
for later sieving. Twelve replicates using this method were sampled at the one site.

Box coring: Box coring involved use of 25 cm x 25 cm metal box cores, 15 cm, 20 cm, or
45 cm deep, inserted fully into the sediment of the habitat. Initially, sediment was rapidly
removed with a trowel from the box core in layers of 0-10 cm, 5-10 cm, 10-20 cm, and for the
deeper box core 0-10 cm, 5-10 cm, 10-20 cm, 30-30 cm, 30-40 cm, and 40-45 cm. Later, for
more precise determination of soldier crab occurrence in the layers of the vertical profile, the
sediment was removed in 5 cm lots for the 15 cm and 20 cm deep box cores, i.e., 0-5 cm, 510 cm, 10-15 cm, and 15-20 cm Samples retrieved from a given depth-related 10 cm thick or
5 cm thick layer were placed in a labelled plastic bag for later sieving, so that the subsampling
of the box cores could be carried out as quickly as possible. Box coring using the 15 cm and
20 cm deep boxes was undertaken under areas covered in pustular structures, and areas free of
pustular structures (just after the tide receded), and under conditions of rapid removal of
sediment vs slow removal of sediment. Site 4 was sampled in this manner on a number of
occasions between 2002 and 2008, with five replicate samples for each sampling time.
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Combined box coring and spading: Combined box coring and spading involved inserting a box
core into the tidal flat surface, excavating the content, excavating a moat around the box core,
and then pressing the box core deeper, until a sampling depth was reached when no crabs were
being retrieved. The sediment was removed from the box cores progressively in 10 cm lots.
This procedure was carried out rapidly and, in a second series of investigation, more slowly.

Cylindrical coring: Cylindrical coring involved three different procedures: 1. use of a 50 cm
long PVC tube with a diameter of 90 mm which was manually and gently vibrated rapidly to
insert its full length into the sediment; 2. use of a 50 cm long PVC tube with a diameter of
90 mm which was hammered to its full length in the sediment; and 3. use of a 50 cm long PVC
tube with a diameter of 150 mm which was manually and gently vibrated rapidly into the
sediment. The sediment was then extruded from the base of the core in 10 cm lots and sieved.
Fifteen replicates were obtained. However, using a 90 mm diameter tube involved too many
replicates to achieve a sampling area comparable to five replicates of a 625 cm2 per box core,
and later in the sampling programme, the core diameter was changed to 150 mm. This change
produced unexpected results in that the diameter of the core appeared to have an influence on
the depth to which crabs were retrieved (see later).

4.5.4 Sampling populations while crabs were in juvenile stages
When the crabs were in their juvenile stage and wholly infaunal, sampling simply involved box
coring or cylindrical coring, using five replicates for box cores and 15 replicates for cylindrical
cores. The evidence that there have been no emergent crabs is the pustular surface of the tidal
flat with no exit holes evident. Ichnological evidence that adults have emerged, and that some
crabs are in the adult phase, includes exit holes, abundant discard pellets, and re-entry rosettes
(Unno & Semeniuk 2008).
4.5.5 Sampling populations that were infaunal prior to swarming
When the crabs are at a stage when swarming may occur, estimates of population density
cannot be accurately obtained when swarms are active on the surface (because a proportion of
the population is still infaunal and a proportion of the population has emerged). In this context,
it is important to sample prior to swarming or after a swarm has fully re-entered the sediment.
Soldier crabs tend to form swarms 30-60 minutes after exposure of the tidal flat surface.
Sampling for population density, and capturing juvenile crabs, and male and female adults,
therefore is best carried out after workings appear on the tidal flat surface, but before the
swarming, using five replicates of randomly placed 25 cm x 25 cm box cores with sediment
rapidly excavated.
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In a given fixed area, the density of a pre-swarm infaunal population may be different to that
after crabs have swarmed and reburied, as the adult crabs may have moved on from their site of
emergence, but this is the natural temporal variation in population density to be expected for a
vagile infaunal and partly epifaunal, rapidly-moving species.

4.5.6 Sampling swarms concurrently with the subsurface population
Sampling of swarms was carried out by manual collection, harvesting up to ten crabs at a time
by scooping up the crabs from the surface, preferably simultaneously by several collectors to
ensure a rapid collection of large numbers of crabs before they re-entered the sediment.
Sufficient crabs were collected to allow for statistical testing (100 at minimum, and usually
several hundred).

Efforts were made by collectors to take random samples within their

collection area and not bias the sample by collecting only the largest specimens. The use of
several collectors is advisable as the crabs, after initially fleeing the collectors, will rapidly
burrow into the sediment once a swarm is disturbed. Care was taken not to stampede the
swarm over the area of workings which would be the site of the subsurface collection under the
swarm. Concurrently with collecting specimens from a swarm, the part of the population which
had remained resident under the sediment surface was sampled by five replicate box cores.

Once the swarm had been sampled and individuals measured in the field, the crabs were
returned to the site of collection so as not to deplete the population, as sometimes several
hundred individuals were involved.

4.6. Results of various sampling methods employed in this study

4.6.1 Monitoring of fixed sites
The sampling within fixed sites of the soldier crab habitat in King Bay on consecutive tides, or
consecutive days, or separated by two or three days shows that at times the soldier crab
population density was relatively consistent and sometimes it markedly changed (Fig. 4-5).
Crab population densities at the fixed sites were relatively consistent over the following
consecutive days: 23rd and 24th March 1981 for site 1, and 29th and 30th December 2002 for site
3 (df = 24, p = 0.51 and df = 18, p = 0.46, respectively) and over two days for 7th and 9th
January 2004 for site 3 (df = 9, p = 0.52). The crab population density markedly changed over
consecutive tides on 1st January 1984 for site 1 (df = 28, p = 0.0008), or consecutive days on 6th
and 7th January 2004 for site 3 (df = 8, p = 0.13), and over two to three days over the period 21st
and 23rd July 1982 for site 2 (df = 13, p = 0.0004), and 6th and 9th January 2004 for site 1 (df =
9, p = 0.001). At site 3, between the 6th and 9th January 2004, the crab population density
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changed from 154 + 80 /m2 to 313 + 183 /m2 to 256 + 34 /m2, showing the diurnal and interdiurnal variation in numbers of crabs and the variable patchiness of populations (manifest as
changes in standard deviation around the mean abundance).

At the time of these sampling episodes, the structure of the population in terms of size classes
remained the same, with no influx of juvenile recruits, and so the results for all sites and all
times show the variation in abundance and the patchiness of crabs that occur at a fixed
monitoring site over short time frames.

Figure 4-5. Abundance of crabs per m2 (mean + standard deviation) obtained for sampling of
sites 1, 2 and 3 (see Figure 4-1A) over consecutive tides (1st January 1984 for site 1),
consecutive days (23rd and 24th March 1982 for site 1, 29th and 30th December 2001 for site 3),
or over an interval of two or three days (21st and 23rd July 1982 for site 2; 21st and 23rd July
1982, and 6th to 9th January 2001 for sites 1 and 3). The probability (p) that the abundance
results for a given sampling site (an area 5 m x 5 m) of a population is different or similar to
results obtained on a consecutive tide, or consecutive day, or several days later for the same site
is shown over the pairs of abundance results.
4.6.2 Sampling of areas with pustular structures
The sampling for crabs along a transect grading from those areas with pustular structures to
those without pustular structures showed that there were moderate to high numbers of crabs
under the pustular areas during a morning low tide, and moderate to low to zero numbers of
crabs in the areas free of pustular structures during that same morning low tide. In the
afternoon, the area of pustular workings mapped during the morning extended further east by
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4 m (Fig. 4-4). Crabs that occurred in moderate numbers in the subsurface in the morning, but
did not produce workings at that time, were to become active in producing pustular structures in
the afternoon. The daily variability in the extent of working of the near-surface of the sediment
by crabs to produce pustular structures has been described previously in Chapter 3 and Unno &
Semeniuk (2008).

4.6.3 Depth of occurrence
Investigations of the depth of occurrence of the crabs using various methods resulted in
variation of numbers of crabs between the various methods used. The reader should focus on
the percentage occurrence of the crabs in the vertical profile for a given sampling method, i.e.,
the capture of the crabs as presented by percentage occurrence down the sediment profile.

During the excavation of the sediment layers within a box core, it was observed, particularly for
the slow excavations, that the crabs would be burrowing deeper when the layer above them was
removed, exposing them, or placing them now in the very-near surface.

The results presented below show occurrence of crabs in 10 cm interval lots, and in 5 cm
interval lots. When the results are presented in 10 cm lots, there is not an accurate estimate of
the lower depth to which they occur. With 10 cm interval subsampling, where crabs are
recorded at depths of 10-20 cm, crabs may not be distributed over the entire interval of 1020 cm, but may be present only to a depth of 0-15 cm – the sampling interval of 10-20 cm may
agglomerate the results of n crabs between 10-15 cm, and zero crabs between 15-20 cm. The
more detailed interval sampling was intended to refine information on depth at which the crabs
occur.

The results of rapid removal of sediment blocks by spading are shown in Figure 4-6A. The
10 cm intervals of rapid subsampling show that the crabs are mainly confined to the upper
20 cm, and most of these are present in the upper 10 cm.
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Figure 4-6. Results of sampling with spading and with shallow box cores to determine depths
at which crabs occur under pustular zone and pustule free zones.
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The results from box coring show several patterns. Subsampling of sediment in 10 cm thick
layers show that the majority of crabs reside in the upper 30 cm of sediment, but more refined
sampling in 5 cm thick layers showed that the crabs occurred in the upper part of the 20-30 cm
level. There is a difference in depth of occurrence of crabs under areas of mats of pustular
structures compared to areas where there are no pustular structures (Figs 4-6B, 4-6C & 4-6D).
The results of sampling site 4B contemporaneously are shown in Figure 4-6C. Where pustular
structures are evident, the crabs are dominantly in the upper 5 cm, and the remainder mostly in
the 5-10 cm level. Where no pustular structures are evident, the crabs are still predominantly in
the upper 10-15 cm, but more evenly spread over the 0-10 cm interval.

There was a difference in abundance and occurrence of crabs with depth with rapid sampling of
a box core compared to slow sampling (Fig. 4-6D). With rapid sampling, denying the crab an
opportunity to burrow deeply to escape collection, the crabs were in the upper 15 cm as
described above, but more common in the 0-10 cm interval. With prolonged sampling, the
crabs were retrieved from the interval 0-15 cm but were more common in the 10-15 cm interval.

The deep box cores penetrating to 50 cm depth showed similar results: the slow excavation of
the sediment of a deep box core, with perturbations induced by water table effects and
disturbance of the surface sediment, resulted in crabs occurring at deeper layers of the sediment
(Fig. 4-7A).

The combined box coring and spading produced two types of results. For rapid sampling, with
10 cm intervals of subsampling, crabs were present in the upper 20 cm. With prolonged
sampling, again with 10 cm intervals of subsampling, crabs were present to depths of 50 cm, as
a result of their retreating in front of the descending excavation (Fig. 4-7B).

The cylindrical coring showed interesting results in that the 90 mm diameter tube, if gently but
rapidly vibrated in, yielded results indicating that the crabs occurred within 30 cm of the
surface, whereas hammering in the core, as would be traditional in some sampling protocols to
sample infauna, appeared to disturb the crabs and they occurred to depths of 50 cm (Figs 4-8A
& 4-8B). In addition, sampling with the 150 mm diameter tube showed crabs occurring in the
upper 20 cm of the sediment profile (Fig. 4-8C), commensurate with the results of rapid box
coring. This suggested that a narrower diameter tube may be disturbing the crabs while it is
being inserted and, in response, they burrow deeper.

138

During the subsampling in layers it was observed that there is partitioning of size classes
vertically. In general, the juvenile crabs tend to be located at shallow depth, and if crabs are
located at 20-30 cm, these tend to be mature adults. This aspect of soldier crab behaviour,
however, is the subject of a later study.

Figure 4-7. Results of sampling using deep box cores to determine depths at which crabs occur.
A. Slow sampling of a deep box core. B. Slow sampling of a deep box core combined with
spading.
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Figure 4-8. Results of sampling using cylindrical cores to determine depths at which crabs
occur. A. 90 mm diameter cylindrical core gently vibrating the tube into the sediment. B.
90 mm diameter cylindrical core hammering the tube into the sediment. C. 150 mm diameter
cylindrical core gently vibrating the tube into the sediment.
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The results of investigations into depth of occurrence are summarised in Table 4-1.
Table 4-1
A comparison of the results of the various sampling styles
Sampling style
rapid spading of sediment
blocks, and subsampling in
10 cm layers

Summary of results
90 % of crabs in upper 10 cm;
all crabs within upper 20 cm
(Fig. 4-6A)

Comments
rapid sampling on a 10 cm sampling
interval indicates crabs present within
20 cm of surface

shallow box cores under
pustular structures and
subsampling in 5 cm layers rapid sampling

90 % of crabs in upper 5 cm,
> 90 % crabs in upper 10 cm; all
crabs in upper 15 cm (Fig. 46B))

pustular structures imply crabs are in
the near-surface creating surfaceparallel tunnels; the sampling confirms
this

shallow box cores under tidal
flat free of pustular structures
and subsampling in 5 cm layers rapid sampling

90 % of crabs in the upper
15 cm (Fig. 4-6C)

lack of pustular structures implies
crabs are deeper in the subsurface; the
sampling confirms this

deep box cores under pustular
structures - slow sampling

< 50 % of crabs in upper 10 cm;
all crabs decrease in abundance
progressively to 45-50 cm (Fig.
4-7A)

prolonged sampling allows crabs to
burrow deeper in front of the
descending excavation

combined box coring and
spading - rapid removal of
sediment

90 % of crabs in upper 10 cm;
no crabs present deeper than
20 cm

indicates on a 10 cm sampling interval
that crabs present within 20 cm of
surface

combined box coring and
spading - slow removal of
sediment

~ 40 % of crabs in the 10-20 cm
depth interval; crabs continue to
be present to depths in the
interval of 40-50 cm (Fig. 4-7B)

prolonged sampling allows crabs to
burrow deeper in front of the
descending excavation and disturbance

cylindrical core 90 mm diameter
rapidly but gently vibrated into
sediment

~ 80 % of crabs in the upper
20 cm; all crabs within the upper
30 cm (Fig. 4-8A)

this sampling suggests that crabs occur
to depths of 30 cm

cylindrical core 90 mm diameter
slowly hammered into sediment

crabs are dispersed along the
length of the core, and are most
abundant in the interval 3040 cm (Fig. 4-8B)

the disturbance of hammering appears
to have caused the crabs to burrow
deep and their occurrence over 50 cm
may be an artefact

cylindrical core 150 mm
diameter rapidly but gently
vibrated into sediment

~ 65 % of crabs in the upper
10 cm; all crabs within the upper
20 cm (Fig. 4-8C)

this sampling suggests that larger
diameter cores create less disturbance
than 90 mm diameter cores, and the
results from the 150 mm diameter
cores is commensurate with the results
of the rapid box core sampling and the
rapid spading; with 150 mm diameter
cores crabs appear to be restricted to
the upper 20 cm
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4.6.4 Sampling populations while crabs were in the infaunal stage
Soldier crabs, when they are in their infaunal stage (juvenile stages), are the easiest to sample
and provide the most simple of results. Though infaunally mobile, juvenile crabs are largely
confined to the upper layers of sediment, and hence are readily retrieved by coring or spading.
The numbers obtained from sampling reflect what crabs are present in the subsurface and these
are mostly restricted to the upper 10 cm of the sediment profile. The variation in density
temporally reflects their mobility in the subsurface and possibly their removal by predators.

4.6.5 Sampling populations that were infaunal prior to swarming
The results of sampling populations that were infaunal prior to swarming provides estimates of
population density in the habitat. Figures 4-4 and 4-5 show density of crabs in pre-swarm
situations. Figures 4-9 and 4-10 show the size structure of populations prior to a swarm. In
comparison to size classes that remain in the subsurface when swarming occurs, it is clear that
to obtain accurate estimates of density and of whole-of-population size structure, it is important
to sample prior to a swarm.

The sampling of the crabs infaunally also shows their dynamic nature in terms of mobility, and
density changes and stability on time-frames that are semi-diurnal, daily, across consecutive
days, and over several days (Fig. 4-5). The abundance of crabs within a fixed sampling site of
5 m x 5 m in their habitat can remain relatively consistent over consecutive days, or change
markedly between two tides on the same day, or over consecutive days, or over several days.

4.6.6 Sampling the subsurface population concurrently with swarms
Sampling the subsurface population concurrently with swarms showed that the population is
partitioned with respect to size and to gender. Only adults swarm, with the juveniles remaining
in the subsurface (Figs 4-9 & 4-10). Further, it is predominantly the adult males that swarm.

The results from Settlers Beach show the subsurface population comprises predominantly
juveniles, and some adults. The adults are predominantly female. The emerged crabs are all
adults, dominated by males in the size class 9-14 mm, and dominated by females in the size
classes 7-9 mm. Pre-swarm sampling shows that the subsurface population is dominated by
juveniles, and where sex could be determined, the population was mixed male and female.

The results from Broome show the subsurface population that remained buried during a swarm
was dominated by juveniles, with some adults (mainly males). The swarm was dominated by
male adults with some female adults in the 9-11 mm size class.
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Figure 4-9. Population structures of soldier crabs at Settlers Beach. The ratio of males to
females for a given size class also is shown. A. Population structure of the crabs that remained
infaunal during a swarm on July 12th 2004. B. Population structure of crabs that were
swarming on July 12th 2004. C. Population structure of crabs as infauna before a swarm
emerged on July 14th 2004.
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Figure 4-10. Population structures of soldier crabs at Broome. The ratio of males to females for
a given size class also is shown. A. Population structure of crabs that were swarming on August
7th 2004. B. Population structure of the crabs that remained infaunal during the swarm on
August 7th 2004.
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4.7 Discussion and conclusions

This investigation of sampling methods for the Western Australian soldier crab highlighted
some difficulties with methods that have been employed elsewhere to date in the general study
of the behaviour, population dynamics, population density, and determination of sex ratios of
species of Mictyris. Notwithstanding that different species of Mictyris, when examined in
detail, may have varying behaviour and autoecological responses to their environment (as noted
in the Introduction), they share many characteristics (such as swarming, infaunal behaviour, and
some aspects of their ichnological products), allowing the principles of this chapter to be
applicable in a wider generic context. That is, there is enough information in published
descriptions of the behaviour and population studies of the various species of Mictyris and the
methods used to study them, to compare with the results of this study, to highlight some
problems in sampling that have occurred to date, and to indicate that the results of this study
have applicability elsewhere.

Generally, soldier crabs have not been perceived to be infaunal, but rather as “crab armies”.
Many of the studies on population dynamics and determination of sex ratios are carried out
only on emergent crabs in swarms, apparently with a perception that the swarms represent the
whole of the population (Dittmann 1998; Takeda & Murai 2004), though there are exceptions
to this (e.g., Nakasone & Akamine 1981; Takeda 2005). Consequently, where crabs in a swarm
are viewed as representing the whole population, there is no accounting for juveniles and adult
females in the subsurface, both of which in fact, may numerically comprise the greater
proportion of the population. Generally, sampling of soldier crabs has not been designed to
address the full range of behavioural modes as related to size classes and sex within the
population over their life stages.

The information derivied from this study and that of Unno & Semeniuk (2008), shows that the
Western Australian soldier crab is largely infaunal, and emerges only in its late adult stage.
Moreover, not all adults emerge in a given swarm. Adult males dominate the swarm with a
residual complement of juveniles and female adult crabs remaining in the subsurface.
Population studies of soldier crabs need to address the whole-of-population, and thus sampling
design has to accommodate the various behaviour of the population as it proceeds through its
life stages.
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Some of the more specific implications of the sampling results deriving from this study are
discussed below, with respect to soldier crab mobility, variable daily activity, escape behaviour,
and different life stages.

Many non-sessile organisms on a tidal flat are suitable for long-term sampling in fixed sites
within their habitat because they are not especially mobile or markedly vagile (e.g., species of
the crabs Uca, Sesarma, or Neosarmatium, and the thalassinidean shrimp Upogebia pusilla,
inhabiting relatively fixed or semi-permanent burrows, or worms resident in u-shaped burrows;
Lawry 1966, Dworschak 1983, Wolfrath 1992, Emmerson 2001, Layne et al. 2003). However,
soldier crabs do not have fixed burrows and are thus challenging organisms to sample. While
their habitat may be long-term and permanent (for example, the soldier crab habitat in King Bay
has been consistently and annually inhabited by these crabs for over 30 years), the soldier crab
itself is quite mobile laterally and vertically within this habitat. Sampling for population
density will detect fluctuations in abundance that do not necessarily reflect intra-annual or
inter-annual variation in the whole population (resulting, for instance, from local depletion by
death or predation, and from regionally-induced recruitment) but rather intra-habitat adjustment
and migrations. Thus population density at a fixed site may fluctuate on consecutive tides, or
consecutive days, or separated by two or three days (Fig. 4-11). This factor has to be borne in
mind when assessing variation in crab numbers for interpretation of population dynamics.

Since the activity of soldier crabs is variable, with workings and/or emergences appearing or
not appearing in different locations within the habitat over consecutive low-tidal periods,
pustular structures can provide a ready tool for assistance in monitoring a population. The
presence of workings is a good indication of the subsurface presence of soldier crabs. However,
sampling only where there are pustular structures, and moving away from fixed site areas for
monitoring will result in biased sampling. The best approach to obtain a whole-of-population
assessment is to map the areas of pustular structures, and then sample in transects across
pustular zones to pustule-free zones to obtain an estimate of crab density under the workings
versus that under pustule-free areas. Estimating density of crab populations needs to involve a
process of mapping or delineating the extent that pustular areas are developed and
concomitantly collecting crabs by sediment extraction.
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Figure 4-11. A. Idealised diagram showing the occurrence of dense and sparse infaunal populations of crabs that migrate laterally and vertically, and the effect of
predators (that by excavations, expose the deeper occurrences of crabs). B. The varying results of low and high numbers of crabs located at depth or in the nearsurface deriving from fixed study sites that intersect the spatially internally dynamic crab population.
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Within a fixed site area, the optimum time to sample to estimate population density is after
workings have commenced and pustular structures and tunnel structures have appeared on the
tidal flat surface. Thus when crabs are nearest to the surface, sampling will ensure that all the
crabs under a given sampling quadrat will be retrieved. If exit holes and rosettes are evident, or
there are swarms of adult blue crabs, it is too late for sampling the whole population.
Approaching a swarm may result in the crabs firstly attempting to run from the perceived
predator, and then secondly, rapidly reburying themselves to avoid the researcher and,
consequently, the site of coring may have been compromised in terms of natural density of
crabs and distribution of size classes. In this context, sampling to estimate the density of the
whole-of-population at a fixed site requires pre-swarm sampling.

In the previous studies, it appears that the complex behaviour of the soldier crab in response to
sampling procedures also has not been addressed. In this study, different sampling styles
resulted in different numbers of crabs being retrieved or different depths that the crab occurred,
due to disturbances propagated by the sampling equipment, or the length of time taken to
sample, as well as effects due to substrate perturbations, the effects of a shallow tidal flat water
table (on sediment, crabs and sampling), the water-saturated sand responding to the excavations
and sampling, and the effects of small-scale hydraulic heads developed during sampling (which
can entrain small crabs). The greatest effects or perturbations occur where adults rapidly
burrow deeper to avoid the “predator” researcher, or where small juveniles (of lesser specific
gravity than, but of the same size as coarse and very coarse sand, i.e., ~ 1-2 mm) are entrained
in a slurry. The results are that crabs appear to occur deeper than they would occur naturally;
not all crabs may be retrieved, and spurious numbers of juveniles may be incorporated into the
sample. To circumvent these problems where there are only abundance estimates, size classes,
and sex ratios under a given area required in population studies, the sediment containing soldier
crabs should be sampled when pustular structures have appeared (in sufficient density to form a
mat) by box cores, or with a ≥ 150 mm diameter cylindrical core (both of which ensure that
crabs remain confined inside the walls of the core), or rapidly excavated by spade in a large
block (i.e., as a large sediment block removed within 10-30 seconds).

Due to the infaunal and vagile nature of soldier crabs sediment, coring with rapid removal of
sediment to address the escape response is suggested as the most appropriate sampling method.
Square box cores are preferred to cylindrical cores because of ease of sediment removal. The
box cores of dimensions 25 cm x 25 cm surface area and 15-20 cm deep ensure a 95 %
probability of collecting organisms with living densities > 0.06 specimens per 1000 cm3
(Dennison & Hay 1967). Preliminary coring carried out in this study to determine the depth of
occurrence of soldier crabs during the low tide period, combined with previous field and
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aquarium observations (Unno & Semeniuk 2008), suggest that soldier crabs are resident within
the upper 10 cm of the sediment. A sampling effort of five spatial replicates will result in a
total sample volume of ≥ 46, 875 cm3. Sediment from cores is removed with hand trowels to be
washed through a 1 mm mesh sieve to collect the crabs. While spading produced reasonable
results when carried out rapidly as shown in Figure. 4-6A, in practice, it is the least reliable of
the three methods because, if carried out in two stages, there is exposure of a 20-30 cm high
wall of sand that is partly submerged by the tidal flat groundwater table, and that has a potential
to slump.

The answer to the question of ‘how deep does the crab burrow in natural situations?’ may be
different for the various species of Mictyris, and perhaps different for the same taxon in
different environments. For the populations in King Bay, it appears to be < 20 cm, and mostly
< 15 cm. However, even here, the depth of burrowing changes, depending on whether the crabs
are relatively inactive and producing no pustular structures (then they are in the lower part of
the interval 0-20 cm), or relatively active and producing pustular structures (then they are in the
upper part of the interval 0-20 cm). Soldier crabs inhabiting moderately steep sandy beaches,
freely and rapidly draining the tidal groundwaters, may burrow deeper than those in King Bay.
The imperative before commencing a sampling programme, therefore, is to determine to what
depth a given species will burrow in a given habitat for a given region. Effectively, this would
be a pilot study of sampling procedures before proper sampling is designed (Principle 5 of
Green 1979).

Investigations to determine depth of burial of crabs, and the changes in abundance, or size
classes, or sex ratios, vertically (as related to time after low tide, or fall of water table, or daytime versus night-time) requires subsampling in layers. This study shows that this can be
achieved effectively by rapidly subsampling layers downwards in box cores, subsampling
layers from whole blocks of sediment removed rapidly by spade as a single unit, or inserting a
cylindrical corer, extracting it and extruding the sediment from its lower end in 5 cm or 10 cm
lots. Where there is investigation of the potential of partitioning of crab size classes and/or sex
with depth in the sediment profile, semi-diurnally related to the tides, diurnally, or over
seasons, then fine scaled subsampling of sediment layers needs to take place, as outlined above.
In all procedures, the sampling and subsampling should be carried out as rapidly as possible.
Excavations of large quadrats (e.g., 50 cm x 50 cm or 100 cm x 100 cm), where the sediment is
planed off in 5 cm or 10 cm layers runs a risk firstly that where the planed layer is excavated to
below the water table the sediment will slurry and be locally mobilised into the quadrat from
the wall, or mobilised within the quadrat, thus mixing layers adjacently or vertically by water
table effects, and secondly that the crabs will burrow deeper to avoid the researcher “ predator”,
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all of which can compromise the results. Determining depth of burial and that all crabs have, in
fact, been fully collected from under a quadrat, or box core or cylindrical core, and that the
sample retrieved truly represents a subsample of the population for a given area satisfies
Principle 6 of Green (1979).

Given the information above, and the increasing complexity of M. occidentalis as it passes
through its life stages, a suggested protocol for sampling is shown in Figure 4-12 and Table 4-2.
The information provided in Table 4-2 accounts for a range of objectives of any study, and the
methods suggested to be employed to document the population features and the population
dynamics of the crabs in the various stages of their life cycle. When there are mixed cohorts of
the species, the patterns shown in Figure 4-12 will become more complicated.

Figure 4-12 suggests that changes in sampling style must follow changes in behaviour effected
during the life stages of the crabs, and as the complexity of behaviour and ichnological products
of the soldier crab changes, so too the sampling style must adapt, and become more versatile.
For instance, soldier crabs in their infaunal juvenile stages are the easiest to sample and provide
the most simple of results. These juvenile crabs, though mobile, largely are confined to the
upper 10 cm layer of sediment, and hence are readily retrieved by cores or spading. The
variation in density temporally reflects their mobility in the subsurface and their removal by
predators. Sampling infaunal adult populations prior to swarming, or during the late adult stage
when the crabs are in a temporary phase of not swarming, also provides estimates of population
density. Such data obtained on population density, whether obtained from juvenile or adult
stage crabs will show the dynamic nature of the population in terms of mobility, and density
changes and stability on a semi-diurnal, daily, across consecutive days, and over several days.
However, when the crabs have matured to the extent that they will swarm, there may be
partitioning of the population in terms of size classes and sex both for the complement that
emerges and for the complement that remains infaunal. When swarms occur, they are
dominated by adult males, with a proportion of adult females while some adult females, and
nearly all juveniles remain in the subsurface. At this life stage, there also may be some degree
of partitioning of size classes and sex in a vertical profile for crabs that remained infaunal
during the swarm. Thus, with adult populations with the propensity to swarm, sampling should
no longer involve simple coring to collect crabs as it did with juvenile populations, but may
have to address a range of complicated patterns to be able to characterise the population in
terms of density, size classes, sex ratios, and behaviour.
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Figure 4-12: Idealised diagram show increasing complexity of crab behaviour as M.
occidentalis passes through its life stages, the increasing complexity of information that can be
derived and style of sampling required. A. Diagrammatic representation of activities of the
soldier crab with respect to its three life stages. B. Example of the increasing complexity of
crab behaviour reflected in its ichnological products. C. Suggested sampling methods that
could be most effective for each life stage.
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Table 4-2
Suggested investigations and sampling style for the different life stages of the soldier crab
Infaunal post-settlement juvenile stage
Objective
Suggested methods
depth of burial
determine depth of burial of crabs for a given habitat in a region using box core or cylindrical core,
subsampling in 5 cm layers
population density

Infaunal juvenile to subadult stage
Objective
depth of burial

carry out replicate box coring or cylindrical coring in a fixed site to a depth determined by preliminary
assessment of the depth to which the crabs are burying themselves

Suggested methods
determine depth of burial of crabs for a given habitat in a region using box core or cylindrical core,
subsampling in 5 cm or 10 cm intervals

variation of depth of burial over a diurnal or
semi-diurnal period, or a longer period (intrapopulation vertical migration)

sampling diurnally or semi-diurnally, or over 2-3 days, to determine depth of burial of crabs for a given
habitat in a region using box core or cylindrical core, subsampling in 5 cm or 10 cm intervals

population density

mapping pustular structures in a fixed site to assess extent of soldier crab occurrence
replicate coring using box coring or cylindrical coring along transects across the pustular zones into the
pustule-free zones (that were determined earlier), to a depth determined by preliminary assessment of the
levels to which the crabs are burying themselves

assess intra-population lateral mobility

sampling in a fixed site by box cores or cylindrical cores semi-diurnally or diurnally (i.e., on consecutive
tides, or consecutive days), or separated by two or three days
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Table 4-2 cont.
determine partitioning of population in
vertical profile in terms of size classes over
time of a low-tidal cycle
determine partitioning of population in
vertical profile in terms of sex over time of a
low-tidal cycle
Infaunal to emergent adult stage
Objective
depth of burial

sampling using box core or cylindrical core, subsampling in 5 cm or 10 cm intervals, from time of first
exposure of tidal flat to later high tide inundation

sampling using box core or cylindrical subsampling in 5 cm or 10 cm intervals from time of first
exposure of tidal flat to later high tide inundation

Suggested methods
determine depth of burial of crabs for a given habitat in a region using box core or cylindrical core,
subsampling in 5 cm or 10 cm intervals

variation of depth of burial over a diurnal or
semi-diurnal period, or a longer period (intrapopulation vertical migration)

sampling diurnally or semi-diurnally, or over 2-3 days, to determine depth of burial of crabs for a given
habitat in a region using box core or cylindrical core, subsampling in 5 cm or 10 cm intervals

assessing infaunal intra-population lateral
mobility

mapping pustular structures to assess extent of soldier crab occurrence
sampling in a fixed site by box cores or cylindrical cores, semi-diurnally or diurnally (i.e., on
consecutive tides, or consecutive days), or separated by two or three days
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Table 4-2 cont.
population density in a pre-swarm situation,
or population density when the crabs are in a
phase of not swarming

mapping pustular structures and ichnological products deriving from emergence to assess extent of
soldier crab occurrence
replicate coring using box coring or cylindrical coring along transects across the pustular zones to the
pustule-free zones, that were determined earlier, to a depth determined by preliminary assessment of the
levels to which the crabs are burying themselves
repeat sampling semi-diurnally or diurnally (i.e., on consecutive tides, or consecutive days), or separated
by two or three days

partitioning of population in vertical profile
in terms of size classes, over time of a lowtidal cycle, in pre-swarm situations, or when
the crabs are in a phase of not swarming

sampling using box core or cylindrical core, subsampling in 5 cm or 10 cm intervals, from time of first
exposure of tidal flat to later high tide inundation

partitioning of population in vertical profile
in terms of sex, over time of a low-tidal
cycle, in pre-swarm situations, or when the
crabs are in a phase of not swarming

sampling using box core or cylindrical subsampling in 5 cm or 10 cm intervals from time of first
exposure of tidal flat to later high tide inundation

structure of population, in terms of size
classes and sex ratios, of the crabs that
remained infaunal during a swarm for
description and for comparison with the
swarm
epifaunal population characteristics during a
swarm for description and for comparision
with the crabs that remained infaunal during
the swarm

replicate coring in the area under the swarm, or from where the swarm emerged using box cores or
cylindrical cores to determine numbers, size classes, and sex ratios
repeat sampling semi-diurnally or diurnally (i.e., on consecutive tides, or consecutive days), or separated
by two or three days
harvesting the individuals during a swarm for determination of size classes and sex ratios
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CHAPTER 5
5. The habitats of the Western Australian soldier crab
Mictyris occidentalis Unno 2008 (Brachyura: Mictyridae)
across its biogeographical range
5.1 Introduction
The Western Australian soldier crab, Mictyris occidentalis Unno 2008 is endemic to the northwest of Western Australia and its biogeographic range extends over ~ 900 km of coastline
(latitudinally) from One Arm Point at the northern end of the Dampier Peninsula to Monkey
Mia, Shark Bay in the south (Unno 2008a; and Figures 5-1 & 5-2). However, soldier crab
populations are not ubiquitous along the coastline but occur disjunctly in specific zones or
niches in intertidal habitats [the term niche is used here sensu Grinnell (1917) as a subdivision of
the habitat, not as the ecological role of the organism]. Niche partitioning, or zonation of crab
species across the intertidal environment, occurs as a biological response to local gradients
occurring in biotic and abiotic environmental characteristics as a given species adapts to the
conditions found in the niche existing at a particular location along the gradient (Hutchinson
1957; Dunson & Travis 1991).

This chapter defines the biogeographic range of Mictyris occidentalis, describes the variety of
habitats of the species across its entire biogeographic range, details the main abiotic features that
characterise the local habitat of this species, and provides a general model for predicting the
presence of soldier crab populations along suitable coasts. Since the soldier crab responds to a
variety of interacting abiotic factors such as shore type, sediments, hydrology, salinity, and
organic matter, amongst others, background information on these features, and how they operate
and vary along the Western Australian north-west coast, is provided as this has relevance to the
development of the soldier crab habitat. The scope of this study involves the investigation and
description of selected abiotic factors within the habitat of the Western Australian soldier crab
rather than biological factors which may determine or control its occurrence (such as
competition by other benthic fauna, commensal organisms, or predators) are not considered. The
effects of mangroves and sea couch are briefly considered.
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Figure 5-1. Map of Western Australia showing generalised climatic zones (after Gentilli 1972),
surface sea temperatures (after Reynolds 1982), and biogeographic distribution of Mictyris
occidentalis. Though the Leeuwin Current markedly complicates the surface sea temperatures
along the Western Australian coast, the map by Reynolds (1982) provides a time-averaged
pattern adequate for comparatively showing distribution of soldier crabs against sea
temperatures.

Literature on habitat description for intertidal brachyurans, as well as Mictyris species outside of
Western Australia, is reviewed to determine the extent that crab habitat descriptions are
available, and to assess the different habitat factors other authors have considered as significant
in determining general crab abundance or distribution. These reviews provide information on
and insights into, the abiotic determinants of crab occurrence in general, and soldier crab
occurrence in particular in the intertidal environment, that are useful to investigate in this study.
This study of the habitats of a species of Mictyris across its subcontinental extent in Western
Australia, systematically examining all habitats where it occurs, noting the types of habitat
where it does not occur, and describing the characteristics of its habitat, is a world first for this
approach and results for this genus.
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A unique feature of the Western Australian soldier crab, Mictyris occidentalis, is that worldwide,
in the biogeographic region of the genus, it is the only species of Mictyris that occurs along an
arid coast (Fig. 5-1). The north-west coast of Australia, centred on the tropical arid Pilbara
Coast, extending northwards to the tropical semi-arid Broome region, and southwards to the subtropical arid Shark Bay region, is the most arid coast in Australia, and one of a limited number of
arid coasts globally (Semeniuk 1996). In contrast to M. occidentalis, all other species of
Mictyris occur along humid coasts. The Australian context of species of Mictyris is particularly
interesting in this regard in that three other species of Mictyris recorded for Australia, are located
along tropical humid coasts in Queensland, subtropical humid coasts in New South Wales, and
temperate humid coasts in Tasmania.

Thus, while the results pertaining to the Western

Australian soldier crab may not be directly related to the other species of Mictyris in detail, it is
the principles of its autoecology derived from this study that can be applied elsewhere.

5.2 Acronyms and terms
Acronyms for tidal levels used in this chapter follow standard procedure: HAT = highest
astronomical tide; MHWS = mean high water spring tide; MHWN = mean high water neap tide;
MSL = mean sea level; MLWN = mean low-water neap tide; MLWS = mean low-water spring
tide, LAT = lowest astronomical tide; AHD = Australian Height Datum. Tidal range terms are
(following Semeniuk 2005, modified after Davis 1980): microtidal < 2 m; mesotidal 2-4 m;
macrotidal 4-8 m; and extreme macrotidal > 8 m.

Most of the terms for coastal landforms, geomorphic units, sediments, ecological functioning
and biology used throughout this chapter are established in the literature.

However, the

particular coastal term, “ridge-and-runnel” is not used here, as explained below. In the literature,
“ridge-and-runnel” generally refers to the system of asymmetrical ridges (sometimes referred to
as “bars”) that run parallel to the coast and are separated by shallow troughs (or runnels) 100–
200 m wide. This topography is usually developed on mesotidal and macrotidal sandy shores (or
beaches) by moderate wave energy acting on low, sloping shores.

However, while used

extensively in the literature, there generally is little definition or morphometrics, or imprecise
use of the term ridge-and-runnel systems (though there are exceptions, e.g., King 1972,
Greenwood & Davis 1984; Nummedal et al. 1984; Short 1984; Reichmuth & Anthony 2002).
Along the macrotidal north-western Australian coast, there are low-relief, broadly convex sand
bodies, generally cross-sectionally symmetrical (< 50 cm relief but usually ~ 30 cm relief),
forming as shore-parallel systems some 50-100 m wide and 100-200 m long, as two to four or
five sets parallel to the shore, and separated by “troughs” (of similar lateral dimensions to the
convex sand bodies or narrower) that usually drain free of water at low tide. These low-relief
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sand bodies are important as soldier crab habitats in the low-tidal zone. They could be referred
to as “ridge-and-runnel”, however, what is described as such in the literature appears to be
higher relief and more dynamic than those occurring along the shores of my study area. The
convex sand body may also be termed a “bar” (cf., Woodroffe 2002). The term “shoal” is
preferred instead of “ridge” or “bar” for the reason that the sand bodies generally are not of high
enough relief to be described as ridges, and because the term “ridge” carries the implication of
being long and narrow, or a crest, and is a term that does not encapsulate the notion of a lowrelief, broadly convex sand body. The term “bar” carries the connotation of a discrete shape.
The sand bodies in my study area vary from being discrete, isolated forms to mutually-merging
sand bodies with an indefinite form, hence the term “bar” is not applicable to all. The term
“shoal” is used rather than “ridge” to refer to low mounds of sand that vary from being discrete
to diffuse, and from being isolated to merging with adjoining shoals. In the latter situation they
occur as part of what is broadly a shoal complex (and probably equivalent to some types and
aspects of “ridge-and-runnel” systems). The term “bar” is used for discrete, isolated, sand
bodies that stand with some relative relief (e.g., > 30 cm) above the surrounding lower-relif tidal
flat.

5.3 Review of habitat description for intertidal brachyurans
other than Mictyris species

Few studies have focused on holistically describing habitats of intertidal brachyurans. There has
been more of an emphasis on zonation of crabs across tidal environments. For instance, while
zonation in crab species has been noted previously on: tidal flats (Wada 1983; Dittmann 2000),
mangrove swamps (Warner 1969; Frith et al. 1976), rocky shores (Bennett & Pope 1953;
Ingólfsson 2005), beaches (Dahl 1952; Janssen & Mulder 2005; Neves et al. 2007), and for
particular taxa (Ono 1962; Crane 1975), which implies niche partitioning and abiotic gradients
within the habitat, few studies present detailed description of habitats. That is, the zonation of
the organisms is the focus, rather than the factors underlying the zonation or the habitat in which
the zonation occurs. Exceptions include the work of Frusher et al. (1994) who studied the
distribution of grapsid crabs in relation to sediment characteristics, salinity tolerance and
osmoregulatory ability, and Janssen & Mulder (2005) who examined zonation on nine beaches
on the Dutch coast in relation to macrobenthos (abundance, diversity and biomass), sediment
(grain size, sorting and calcium carbonate content), slope, penetrability of the sediment, position
of the anaerobic layer and the presence or absence of stable burrows of macrobenthic animals.

Where studies have been undertaken on habitats of brachyurans (and this is the case for the
Ocypodidae group, including the well-known genera Uca, Dotilla, Scopimera and Ocypode),
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they tend to focus on local habitat description at one geographic location, even if there is study
of multiple sites and investigation of multiple habitat factors. For example, da Rosa & Borzone
(2008) examined the spatial distribution of Ocypode quadrata with respect to abiotic habitat
variables such as beach-face slope, grain size and sorting, sediment moisture content, water
salinity, and seasons (temperature), at 13 estuarine sandy beaches within a radius of 30 km
within the one estuary.

Uca species, in particular, have been widely studied in regard to the influence of abiotic
environmental factors on the distribution of various species, with sediment grain size, sediment
organic content, and tidal levels being the most significant factors, and salinity, mangrove
distribution, microhabitat, and temperature being of secondary importance (Crane 1975; Frith &
Frith 1977, 1978; Icely & Jones 1978; Frith & Bruenmeister 1980; Chakraborty & Choudhury
1985, 1992; Jaramillo & Lunecke 1988; Shin et al. 2004; Lim et al. 2005; Bezerra et al. 2006;
Lim & Heng 2007; Liao et al. 2008). However, again, these studies have not addressed habitat
characteristics, or habitat variability, across the entire biogeographic range of any given species.
Thus, generally, while there have been autoecological studies of crabs in specific localities to
investigate abiotic ecological determinants and relationships, there have been no comparative
studies of habitats across the entire biogeographical range of a given species for any intertidal
crab taxa, as presented in this chapter for M. occidentalis. This is an important autoecological
consideration, because it is possible that as climatic and other regional factors change, the
characteristics of habitat that determine occurrence, abundance, and population structure of a
given species can vary in importance and influence across regional gradients. This matter,
however, is outside the scope of this chapter.

In relation to habitat features which are significant for benthic intertidal brachyurans (and other
intertidal macrofauna), a range of factors has been considered by various authors, including grain
size (Brown 1983; McLachlan 1996; Nel et al. 2001; Nanami et al. 2005), tidal elevation
(Degraer et al. 2003), wave energy (McLachlan 1990a; McLachlan et al. 1993), and salinity
(Barnes 1967; Ysebaert et al. 1998), amongst others.

Most authors determined that a

multiplicity of environmental factors influenced organisms and determined their habitats.
Ravichandran et al. (2007), for instance, considered substrate type, water level, and mangrove
distribution to be the most important factors affecting the distribution, zonation, and species
diversity of crabs in mangrove environments. Otani et al. (2008), in a study of six tidal flats,
found that assemblages of macrobenthos were determined by the physical characteristics of the
sediment (grain size) and elevation.

Jaramillo et al. (1993) determined that wave energy,

sediment grain size and water content significantly affected intertidal zonation patterns of
macroinfauna on Chilean sandy beaches. Sassa & Watabe (2008) examined the role of the
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physical process of suction in intertidal sediments in relation to the burrowing performance of
the sand bubbler crab, Scopimera globosa, and concluded that geoenvironmental conditions
significantly influence habitat selection by macroinfauna. Hartnoll (1973) and Flores et al.
(2005) observed that sand-flat topography and shore level determined the density of Dotilla
fenestra populations, while Gherardi & Russo (2001) found that drainage and substrate grade
(grain size) determined burrow distribution in the same species. Honkoop et al. (2006), on the
other hand, while commenting that 12 previous quantitative studies around the world determined
that gradients in sediment grain size correlated with zonation in benthic assemblages on beaches
and intertidal flats, found that assemblages did not correlate well with tidal level or zonation in
grain size on intertidal flats at Eighty Mile Beach, Western Australia and attributed this result to
either a greater impact on community structure by biotic factors rather than abiotic factors, or the
disturbance effect of a recent cyclone.

5.4 Review of previous research specifically on soldier crabs,
particularly with relevance to habitat descriptions

The soldier crab habitat has not been comprehensively described previously in the literature.
Much of the research on soldier crabs has focused on discrete features of the soldier crab such as
its physiology (Maitland & Maitland 1992), ontology (Cameron 1965; Fukuda 1990),
reproduction (Nakasone & Akamine 1981; Shih & Chang 1991), population structure (Shih
1995; Dittmann 1998), behaviour such as feeding and swarming (Cameron 1966; Quinn 1983),
and ecological interactions such as, for example, the effect of crab activities on meiofauna
(Warwick et al. 1990; Dittman 1993). In other words, to date, there have been no studies at
specific locations to obtain specific autoecological information. Similarly, little information has
been provided on abiotic habitat characteristics though occasionally there has been cursory
mention of habitat setting (e.g., sand tidal flat), and occasionally, mention of a median grain size
or range of grain sizes for the substrate. Barnes (1967) examined the salinity tolerance of
Mictyris longicarpus in water, under laboratory conditions only, not in the natural soldier crab
habitat. Takeda (2005) investigated the behaviour (emergence versus non-emergence) on a tidal
flat of male and female M. brevidactylus during the breeding period in relation to water and air
temperatures, and water level of the daytime low tide.
Other research on soldier crabs with a specific focus on substrate properties (usually as an
indicator of substrate alteration due to the activities of soldier crabs) includes the work of Sadao
(2002, 2003) who examined the effect of bioturbation by M. brevidactylus (referred to as
M. longicarpus var. brevidactylus), on substrate meiofauna, bacterial activity and nutrient
concentrations.

Webb & Eyre (2004) studied the effect of burrowing and grazing by

M. longicarpus on sediment biogeochemistry including sediment irrigation rates, benthic
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metabolism (as measured by O2 production), and N2 and organic carbon fluxes. Only one study
investigated the influence of the habitat on the soldier crabs themselves: Rossi & Chapman
(2003) suggested that topographical variability (humps and depressions) and sediment “types”
(sediment from humps or sediment from depressions, i.e., the sediment “types” are topographic
variations, not sedimentologic variations) are factors contributing to the spatial variability of the
abundance and size of M. longicarpus on the tidal flat. Physical characteristics of the sediment
“types”, such as interstitial water content, grain size, organic carbon content, etc., were not
described quantitatively and the dimensions of the topographical variables (humps and
depressions) were not provided.

All of the work on soldier crab habitats cited above was carried out at single localities and
usually involved only one or two variables. Worldwide, there have been no comparisons of
soldier crab habitats across the entire biogeographic range of any given species, nor even
comparisons across a local area such as an estuarine system. As this chapter shows, soldier crab
habitat features at one location cannot be applied to all soldier crab habitats elsewhere, even for
the one species, particularly if the species crosses a wide gradient in climate and tidal ranges at a
subcontinental scale.

5.5 The most relevant determinants of soldier crab occurrence in the intertidal
environment selected for investigation

Based on literature reviews, important environmental factors affecting intertidal crabs in general
include micro-climate (temperature of air, water and sediment, humidity), wave energy (which
determines sediment stability and, in conjunction with topographic elevation, grain size),
topographic elevation relative to the tide (which determines frequency of flooding), salinity (of
ocean water, groundwater and pellicular water), sediment characteristics (grain size,
composition), food availability, inter-specific competition, and predators.

The response to

interactions of all these environmental characters will determine the abundance, size classes, and
behaviour of any given species.
In regards to the major environmental factors determining the soldier crab habitat, the high- to
mid-tidal to upper low-tidal flat position of the Mictyris niche on the tidal flat suggests that tidal
level and its associated derivative factors of depth to water table at low tide, pellicular water
content, and salinity may be determining factors for a range of Brachyura. Wave energy in the
environment would determine the stability of the substrate – an important factor impacting on
the benthic soldier crabs which do not have permanent, deep burrows and occur predominantly
in the upper 15 cm of the substrate. In association with tidal elevation, wave energy would also
determine the grain size of the substrate.
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The organic content of the substrate would be significant, as soldier crabs are floatation feeders
(Quinn 1983) which selectively extract organic material directly from the substrate.

The

composition of the sediment (quartz sand versus calcium carbonate sand) may have some effect
on soldier crabs, in that it may control micro-hydrochemistry and the flora that inhabits the grain
surface, and to some extent moisture retention (if particles have intra-granular porosity). The
salinity of ocean, tidal creek or groundwater also could have some effect, the former because the
salinity of ocean and tidal creek determines what is delivered to the tidal flat, and the latter
because groundwater, through capillary rise, can influence the salinity of pellicular water. The
amount of pellicular water surrounding the sand grains at low tide and its resultant salinity
would be pertinent to in-dwelling fauna such as soldier crabs.

There was a range of other environmental variables such as oxygen content, pH, local air and
water temperatures, and humidity which were not investigated for a number of reasons. Air
temperatures, shallow-water sea temperatures, and humidity in the soldier crab habitat fluctuated
widely over the day in response to cloudiness, wind, and rain; Idecided to use time-averaged
values from the literature for these parameters as indicative of the regional setting in which the
soldier crabs occurred. Further, air and sea temperatures, and humidity were unlikely to be
major factors determining the limits of the habitat at a given site.

That is, the limits of

occurrence of a soldier crab habitat within a tidal embayment could not be determined by these
parameters, since air temperature, sea temperature, and humidity would not vary greatly over the
extent of the whole tidal embayment (itself composed of a myriad of habitats within which the
soldier crab habitat was only a small part). At the local scale, the daily variation of temperatures
and humidity were more likely to influence diurnal and semi-diurnal behaviour of the crab as
shown by Kelemec (1979), who observed that there were fewer soldier crab emergences at lower
air and sediment temperatures. Regional air and seawater temperatures, and humidity, which do
vary over larger distances could have more of an effect on the regional distribution of
M. occidentalis, potentially determining its biogeographic limits.
With regard to oxygen content, soldier crabs inhabited substrates that were anoxic to
oxygenated, or that varied from being anoxic to oxygenated over several days, hence this did not
appear to influence the crabs and thus was not included as a determining factor. In regards to the
pH of pellicular water and groundwater, soldier crabs inhabited substrates where groundwater
was alkaline to weakly acidic; this did not appear to influence the crabs so Idid not include this
as a determining factor (though whether there was an upper or lower limit in pH that determined
soldier crab survival was not explored).
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5.6 Methods

The objectives of the study were to define the biogeographic limit of M. occidentalis, and then to
define the habitat characteristics of the species within that region. A variety of methods was
used to achieve these objectives: 1. regional surveys; 2. site-specific studies along transects; 3.
field description of the soldier crab habitat; 4. experimental work to define sediment preferences;
5. determining plant-root influence on soldier crab occurrence; 6. laboratory analyses; 7.
assessing exposure/shelter for sandy coasts; 8. assessing tidal level and sediment style
information; and 9. data analyses.

5.6.1 Regional surveys
To determine the limits of soldier crab occurrence biogeographically, the types of coasts that
soldier crabs inhabit, and to identify sites for more detailed transect study, wide-ranging field
surveys of soldier crab occurrences along the coast were carried out. This involved visiting
some 306 sites to determine presence or absence of potential soldier crab habitats, and presence
or absence of soldier crab populations therein (Appendix 1).

Soldier crabs do not occur

ubiquitously along the tropical sandy shores of Western Australia (unlike species of Ocypode
that are generally widespread in the upper tidal to supratidal zones of tropical and subtropical
beaches of Western Australia). There are specific habitat requirements for the soldier crab, and
because they can occur in discrete and varied habitats where such requirements are met (e.g.,
seepage line along a beach face, or pocket beaches along a rocky shore), a widespread
reconnaissance was specifically undertaken to determine if soldier crab habitats and soldier crab
populations could occur in local patches within stretches of rocky shores, cliffed shores, and
sandy beaches in addition to their obviously preferred habitat of low tidal low-energy sand flats.
This required investigation along extensive rocky shores and cliffed shores and sandy coasts to
locate any local pocket beaches, and any extensive, low-gradient tidal sand flats seaward of
sandy beaches.

The regional survey was undertaken in two stages by road where accessible, or by helicopter,
and by boat: between 1980-1995 (VS) involving ~ 35 sites, and between 1996-2008 (JU & VS),
involving ~ 270 sites. At a given site, the extent of the coastal type generally for 1-2 km to a
either side of the site along the coast was noted, i.e., whether it was laterally extensive (such as
along cliffed or rocky shores, or beach/dune shores, or alternating rocky shores and pocket
beaches), or whether it was laterally heterogeneous (e.g., composed of sheltered embayments,
pocket beaches, exposed tracts of coast, and cliffed rocky coasts). The information obtained
from regional surveys was supplemented by examination of aerial photography, again, to assess
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the lateral extent of a given tract of coast. This was particularly important in coastal settings
where there were extensive, relatively homogeneous coasts comprised of cliffed shores, or
extensive and exposed beach/dune systems.

To determine the northern biogeographic limit of the species, there was focus on King Sound as
this is where the range of M. occidentalis may overlap with that of M. darwinensis. For the
southern limit of the M. occidentalis, there was a focus on the coastal tract from the Northwest
Cape and Shark Bay regions (in semi-sheltered bays, sandy mouths of tidal creeks, areas
protected from the prevailing regional waves, or sandy low tidal areas leeward of and around
spits), to the region of Zuytdorp Cliffs, the limestone cliffs extending to the cliff coast of
Kalbarri, and on the Murchison River estuary (four sites therein). Because the most southern
occurrence of M. occidentalis was in the Monkey Mia area, special effort was made to more
fully investigate potential habitats and possible soldier crab occurrence in the Shark Bay region
to determine whether the species extended to other locations in that coastal system. This
involved examining some 72 sites in the Shark Bay region. While open sandy coasts were
investigated, there was also an effort to examine barrier spit shores (because they provided some
degree of wave shelter to leeward) and tidal flats that exhibited shoal and depression
morphology. In the barrier spit settings, seaward and leeward environments were examined.

Also, even though the islands of the Houtman Abrolhos occur much further south than Shark
Bay, and effectively outside the known biogeographic range of M. occidentalis, because of the
complication of the Leeuwin Current delivering warm tropical water to offshore areas to the
south into the Houtman Abrolhos (Pearce 1997), and hence a possibility that larvae of the
species could be regularly delivered to this reef-and-limestone island complex, or that there
could be resident outlier self-sustaining soldier crab populations there, a dedicated survey of the
island reef complex was undertaken. A low-altitude aerial survey of the Houtman Abrolhos
showed its shores to be dominated by coral limestone cliffs, coral limestone shore platforms,
coral gravel shores, and moderately steep, high-energy beaches, all highly unlikely as soldier
crab habitats. Locally, there were sandy coves, sandy embayments, and tidal creeks, often
fringed by mangrove along the upper tidal zone, and all with potential to be soldier crab habitats.
The on-ground survey of Houtman Abrolhos involved twenty-four of these sites most likely
soldier crab habitats.

A survey on the mainland coast to the east directly opposite the Houtman Abrolhos in the
Geraldton-Oakajee area also was undertaken for the same reason: to assess the potential for
soldier crab habitats, or whether there were outlier soldier crab populations on any of the tidal
sand flats.
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At a given site, where there was suitable habitat (viz., tidally-exposed sand deposits), soldier crab
presence/absence was determined during low tide, in the first instance, by the occurrence or
absence of their ichnological products (viz., single pustules, pustular structures, rosettes, and exit
holes; see Chapter 3 & Unno & Semeniuk 2008), and by the occurrence of surface-swarming
crabs, and in the second instance, if ichnological products and crabs were not evident on the
surface, by extracting and sieving 10 box cores (Chapter 4 & Unno 2008b) from appropriate
habitat surfaces.

Information from the regional surveys on the occurrence of the soldier crab was supplemented by
examining locality records for the species in the Western Australian Museum. Both types of
information (the Western Australian Museum records and my survey results) provided an
indication of the widespread nature of the soldier crab along the tropical to subtropical coast of
Western Australia, though in discrete locations. From there, specific sites were selected for
more detailed study.

5.6.2 Site-specific studies along transects
Soldier crab populations at twenty-five transect sites in seven major localities latitudinally, from
Coconut Well, the northernmost site (18 km north of Broome) to the Monkey Mia area, the
southernmost site, located in Shark Bay were sampled in July 2004 for detailed characterisation
of their habitat (Table 5-1; and Fig. 5-2). Latitude and longitude co-ordinates for each site were
taken by Magellan GPS in the WGS84 system. Selection of the sites was based on ensuring a
diversity of habitats, some degree of replication of habitats at least in different climate zones,
accessibility of the site, and reasonable proximity to a standard port where information on tidal
levels and tidal predictions was available. Aerial photographs and PanAIRama® images used in
the site descriptions were obtained from the Department of Land Information (Landgate), Perth,
Western Australia.

The large number of transect sites ensured the following: the diversity of the habitats and niches
that the soldier crab occupied was sampled; its occurrence across nearly its full biogeographic
distribution was documented; and some of the habitats in different climate zones and in different
coastal settings were replicated. Traditionally, biologists studying Mictyris (and other species of
Brachyura) have focused on dense populations with readily collectable data to describe the
autoecology of a given species, or to explore some ecological principle. There has been less
emphasis on populations that are sparse, or on determining their environmental limits of
occurrence, or on documenting the range of habitats that a species may occupy across its full
biogeographic range. As wide a variety of habitats and niches of the Western Australian soldier
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crab as possible was documented across their biogeographic range, regardless of their population
density, and in this context this meant sampling some tidal environments that supported only
sparse populations of the species.

Additionally, three sites were studied specifically to show soldier crab distribution in relation to
salt marsh and mangroves. These were Sites 1, 5 and 10.

Table 5-1
Study sites for the soldier crab in Western Australia, ordered north to south
Site number
Geographic location
Site 1
Coconut Well lagoon: margin of dune, ~ 1 m below HAT
Site 2

Coconut Well lagoon: high-tidal creek bank in protected lagoon

Site 3

Entrance Point, Broome: beach slope

Site 4

Town transect, Broome: high-tidal sand flat

Site 5

Nine-mile Creek, Port Hedland: high-tidal creek sandy bank

Site 6

Six-mile Creek East, Port Hedland: base of beach slope

Site 7

Six-mile Creek West, Port Hedland: sandy tidal flat

Site 8

Cossack East, Cape Lambert area: mid-tidal sand flat

Site 9

Settlers Beach, Cape Lambert area: low-tidal sand flat

Site 10

Point Samson, Cape Lambert area: low-tidal sand flat

Site 11

Hearsons Cove # 1, Dampier Archipelago: high-tidal alluvial sand flat

Site 12

Hearsons Cove # 2, Dampier Archipelago: front of mangroves

Site 13

Hearsons Cove # 3, Dampier Archipelago: shore-parallel shoal

Site 14

Withnell Bay, Dampier Archipelago: low-tidal sand flat

Site 15

King Bay # 1, Dampier Archipelago: sand shoal on low-tidal sand flat

Site 16

King Bay # 2, Dampier Archipelago: sand shoal on low-tidal sand flat

Site 17

King Bay # 3, Dampier Archipelago: sand bar on low-tidal sand flat

Site 18

King Bay # 4, Dampier Archipelago: sand shoal in tidal creek

Site 19

Onslow: tidal-creek sandy bank

Site 20

Mangrove Bay, North West Cape: mid-tidal sand flat on pocket beach

Site 21

One Tree Road, Gascoyne Delta: tidal-creek sandy bank

Site 22

West Babbage Island, Gascoyne Delta: tidal creek in lagoon

Site 23

West Babbage Island, Gascoyne Delta: low-tidal sand flat in lagoon

Site 24

Gascoyne Flats, north-eastern Shark Bay: mid-tidal sand flat

Site 25

Monkey Mia, central Shark Bay: low-tidal sand flat
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Figure 5-2. Geographic locations mentioned in text, and location of the twenty-five study
(transect) sites.
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Over time, depending on patchy recruitment and/or successful recruitment, the soldier crab
populations at a given location may be present or absent on an inter-annual basis. Further, for
some locations, the soldier crab habitat is dynamic, and there are changes in elevation or grain
size properties inter-annually. Even if present over a number of years at a given locality, e.g.,
the site at King Bay in the Dampier Archipelago, their population numbers may fluctuate (Unno
2008b). It would not be valid to compare transect data and soldier crab density data collected
over a number of different years that may be reflecting variable inter-annual recruitment patterns
and habitat dynamics. Soldier crab recruitment appears to be region-wide, generally occurring
predominantly in June-July annually. Hence, to partly constrain inter-annual variability and
intra-annual variability in populations densities in this study, data on habitat features along
transects and on soldier crab densities were collcetd all within the same month and year (July
2004). This approach, however, would not circumvent the variability in population densities
resulting from variability in recruitment that may have occurred spatially in the region (Unno
2008b).

A second sampling programme to collect data for factor analysis (or Principal Component
Analysis) along seven selected transects of the twenty-five study sites was undertaken in July
2007.

5.6.3 Field description of the soldier crab habitat
In the field at each of the twenty-five study sites selected for detailed habitat characterisation, the
soldier crab habitat was documented in terms of its geomorphic setting at the large scale
(> 100 m), medium scale (100 m to 10 m) and small scale (< 10 m). The topography across each
soldier crab habitat, from land to seaward, was surveyed during low tide of a spring tide (to
ensure that the groundwater under the tidal flat was at its lowest level) in a transect at a scale
horizontally of 1-5 m intervals (depending on the complexity of the topography) to a vertical
accuracy of 1 cm. The depth of the water table under the tidal flat during the low tide was
recorded during the survey. In order to place the soldier crab habitat into context, part of the
landscape landward of the tidal flat and seaward of the soldier crab habitat was also included in
the topographic and environmental survey where appropriate. This provided information on
hinterland characteristics such as the potential of fresh water residing under coastal dunes. Since
the majority of the transects were in areas remote from bench marks for datum heights, a system
was devised to relate the surveyed transect to AHD. Each transect was related to AHD by
surveying the transect to the level of the high or low tide for that day, and referring the water
level to the predicted high tide or low tide for that day that the transect was surveyed: that level
was used as a temporary datum relative to AHD.
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For most of the twenty-five transects, while the transect extended upslope and downslope from
the soldier crab habitat, there was a focus on sampling to obtain abiotic and geographical data
within the confines of the soldier crab habitat. To obtain data for the Principal Component
Analysis, seven representative transects (selected from the twenty-five) were fully extended from
high tide to low tide, and extensively sampled along the tidal gradient to relate the distribution of
soldier crabs to various abiotic parameters (Fig. 5-3), viz., tidal elevation, gradient of shore,
sediment types, depth to water table at low tide, and substrate characteristics (in terms of grain
size, pellicular water content, salinity of the pellicular water, proportion of silicic grains to
calcium carbonate grains, organic matter content in the total sediment, mud content, and organic
matter in the mud). These transects were at Point Samson, Settlers Beach, East Cossack,
Hearsons Cove landward of the mangroves, Hearsons Cove shore-parallel shoal, King Bay shoal
# 3, and Mangrove Bay.

Microtopography (involving features < 30 cm high, such as hummocks and small sand ripples),
was also noted as it was observed that it influences the location of workings of the soldier crabs
for a given day. For Sites 12 and 13, detailed topographic levelling was undertaken to determine
the nature of the mounds and depressions at these sites, to document the level of the groundwater
table (at low tide) under the undulating tidal-flat surface, and to relate crab workings to the
microtopography.

At each of the sampling sites along the transects, five replicate samples of approximately 100 g
of sediment were collected from the sediment surface (0-2 cm deep) for granulometric analysis,
determination of quartz and calcium carbonate content, and determination of content of organic
carbon, pellicular water, and salinity of pellicular water. The sediment was hermetically sealed
in the field, and frozen for transport and storage. Groundwater was collected from shallow pits
excavated in the tidal flat within the soldier crab zone. The salinity of open waters that recharge
tidal-flat groundwater and pellicular water can determine the salinity of the latter, and so open
oceanic waters or open tidal-creek waters that flooded the tidal flat on a high tide were sampled
as a baseline of the source waters. Three such samples were collected.

Population density in the soldier crab habitat in the centre of each transect site was determined
by excavating five randomly-placed box cores (25 cm x 25 cm x 15 cm deep), and sieving out the
crabs through a 1 mm mesh (see Unno 2008b). The population density was categorised for the
regional sites as high (> 400 crabs per m2), medium (399-100 crabs per m2) or low (< 100 crabs
per m2). The occurrence of soldier crabs with respect to tidal level was determined by surveying
and noting their presence/absence and relative abundance of surface workings along the transect.
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Relative abundance of surface workings was categorised by percentage cover of sediment
surface as follows: dense (100-50%), medium (49-10%) and sparse (< 10%).

This study focused on describing the variety of habitats of the soldier crab and the prevailing
abiotic characteristics of the habitats. The intent was to determine the environmental features
that were characteristic of the soldier crab habitat rather than a study across the entire tidal flat to
determine the boundary of the soldier crab habitat in detail. Hence, apart from the seven
transects mentioned earlier, the sampling of sediment for grain size, pellicular water content, and
pellicular water salinity was not undertaken incrementally along the entire transect across the
tidal flat but only within the main body of the soldier crab habitat. However, the environmental
variability within the soldier crab habitat for the parameters of grain size, pellicular water
content, and pellicular water salinity was determined because the replicate sampling was
extensive across the area where soldier crabs occurred for a given site.

In addition, along some transects, where soldier crab density dropped to zero across a change in
sediment type but not in other abiotic characteristics (e.g., from sand, with occurrence of soldier
crabs, to gravel, grit, muddy sand, or mud, all with an absence of soldier crabs), samples of the
coarse and muddy sediments were collected for analyses to characterise the granulometry of
sediment that the crabs appeared to avoid.

Finally, in addition to the sampling described above, and that undertaken along the transects, in a
general regional sampling programme, wherever soldier crabs occurred, a sample of the habitat
sediment was collected to ascertain modal grain size and mud content to determine the range of
sediment types that soldier crabs inhabited. Experimental blocks of exotic sediment (mud,
muddy sand, grit, and shell fine gravel) were emplaced on the tidal flat at Site 15 to determine
what sediments the crabs avoided and what sediments they preferred.

5.6.4 Methods to determine if plant roots influence soldier crab occurrence
At two locations where soldier crabs inhabited sandy substrates within or proximal to mangroves
(Avicennia marina), the possible influence of mangrove cable roots and root hairs on soldier
occurrence was investigated. These were Site 5 (at Nine-mile Creek), and Site 10 (at Hearsons
Cove landward mangrove zone). Five replicate box core samples, 25 cm x 25 cm x 20 cm in
size, were excavated within the zone that soldier crabs occupied (where generally there were
sparse roots of mangroves), five replicate samples were also obtained where the mangrove roots
were abundant and there was an absence of soldier crabs, and five replicate samples were
obtained mid-way between these two sampling sites.

To obtain the root samples,

pneumatophores above the sediment surface were trimmed to ground level, and the sediment in
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the box core then excavated to ensure that only the biomass of pneumatophores and root matter
below the ground would be estimated. The material excavated from the box cores was washed
through a 3 mm sieve to isolate the mangrove pneumatophores, cable roots, and root hairs.
Later, the root matter was oven-dried and weighed. The same sampling procedure was carried
out for another plant, i.e., the sea couch, Sporobolus virginicus, at Site 1 (at the Coconut Well
dune margin), again, focusing on collecting only the root matter below the sediment surface

5.6.5 Laboratory analyses
In the laboratory, the granulometry of the sediment was determined by wet sieving the sediment
at 1 phi intervals (Wentworth 1922). Organic carbon and calcium carbonate content of the total
sediment were determined by combustion, i.e., loss on ignition (Gross 1971). The determination
of organic matter for the whole of sediment involved organic matter in the > 63 µm fraction as
well as that in the < 63µm fraction and did not allow for differentiation between interstitial
flora (McLachlan 1990b), interstitial fauna (McLachlan 1990c), and plant detritus.

After

sieving, the mud fraction was processed further: its organic carbon content was determined by
combustion. The determination of organic matter within the mud fraction did not differentiate
between interstitial matter such as diatoms, fungi, bacteria and detritus (McLachlan 1990b), all
possible food particles that could be entrained by soldier crabs while feeding. Pellicular water
content of the sand was determined by a gravimetric method of weighing wet sediment, drying it,
and reweighing the dried sediment. Salinity of pellicular water was determined using the method
of C A Semeniuk (2007): after weighing, the wet sand was dispersed in 100 ml of de-ionised
water and the salt content of the 100 ml of water then determined by an electrical salinometer (a
CyberScan 200 TDS meter); the sand was then rinsed with de-ionised water, the water decanted,
the sediment dried and weighed; the salinity of pellicular water was determined by calculation of
total salt content with respect to the moisture content of the sand. Groundwater salinity and
marine water salinity were determined in parts per thousand (ppt) using an electrical salinometer.
Pneumatophores and root matter from Avicennia marina and Sporobolus virginicus, retrieved
from sieving, were dried and weighed to determine root matter content per m2.

5.6.6 Field Assessment of exposure/shelter for sandy coasts
Use of the terms “exposed” and “sheltered”, and “high energy” and “low energy” varies. To
provide a relatively consistent measure of these terms, Brown (1990) proposed a general
classification scheme of degree of exposure of sandy shorelines or sandy beaches by
aggregating scores obtained from a range of criteria that included wave action, surf zone width,
intertidal slope in combination with median grain size, % of very fine sand, median particle
diameter, depth of reduced layer, and animals with permanent burrows. Based on a score
between 1-20 (with 1 being low energy and 20 being high energy), the classification scheme
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resulted in the categorisation of beaches into four types: very sheltered (with virtually no wave
action, reduced sediment layers in the shallow subsurface, and abundant macrofaunal burrows);
sheltered with little wave action, reduced sediment layers present in the subsurface, and usually
some macrofaunal burrows); exposed (with moderate to heavy wave action, reduced sediment
layers deep in the profile and usually no macrofauna in burrows); and very exposed with heavy
wave action, no reduced sediment layers and macrofauna consisting of highly-mobile forms
only).

While in detail there are difficulties and complications with applying the system devised by
Brown (1990), as will be discussed below, to provide a relative measure in an international
comparison of the degree of exposure of the twenty-five study sites, criteria devised by Brown
(1990) were applied to coasts in the study area.

Brown’s (1990) classification has not allowed for sandy coasts that are partly reflective in upper
tidal zones, and partly dissipative in lower tidal zones (Wright & Short 1983; and see later).
This means that the intertidal slope in many locations cannot be graded as a single value where
there are two or three slope values along the tidal gradient. For purposes of this study, the slope
gradient was selected for that part of the beach or sandy shore wherein resided the soldier crabs.
Additionally, in being devised (implicitly) for use only for sandy shores with offshore bars and
shoals where waves may first break, the scheme, in its application of waves impinging upon
shore, does not allow for the ranking of any geologically/ geomorphically-complex coasts and
bathymetrically-complex coasts (e.g., where low-lying limestone barriers provide the partial
shelter, or where a tidal creek along a sandy barrier coast comprises the sheltered environment).
There also is a problem in applying some of the criteria that are used to denote strong wave
action (viz., depth of the reduced sedimentary layer, or grain size distribution) when it may be
strong tidal currents that are mobilising the sediment rather than waves, or where there is a
change in sediment grain size, or change in depth to the zone of anoxia across the tidal gradient.

Nonetheless, the scheme of Brown (1990) does provide a broad measure of high-energy coast
versus low-energy coast, and since most of the coasts in this study are more or less sandy, the
scheme was applied to the twenty-five study sites to determine where they fit in the energy
spectrum.
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5.6.7 Tidal level and tide style information
Since soldier crabs at a specific locality can inhabit tidally exposed surfaces from ~ HAT to
~ MLWN, in microtidal to mesotidal to macrotidal and extreme macrotidal settings, the noting of
the position of the habitat with respect to AHD or MSL is not meaningful. An approach was
adopted by which frequency of flooding was determined, i.e., the percentage of time that a
particular level was submerged, regardless of tidal range. This method provides a better
assessment of the factors that underpin soldier crab occurrence in that it gives a measure of the
conditions of submergence or inundation to which soldier crabs are subjected. Graphs showing
frequency of flooding (or submergence curves) for major ports in the study area, viz., Broome,
Port Hedland, Cape Lambert (Port Walcott), Dampier, Onslow, Learmonth, and Carnarvon were
supplied by the Department of Planning and Infrastructure (Government of Western Australia),
and these were used to determine the frequency of flooding of a soldier crab habitat along a
given transect.

5.6.8 Data analyses
Statistical methods employed in the study included determining the mean and standard deviation
of population density, and mean values of other parameters that were sampled in replicate.
Further analyses involved bivariate linear regressions, multiple linear regressions and
transformed linear regressions for use in Principal Component Analysis.

Bivariate linear

2

regressions were carried out on abundance of crabs (i.e., crabs/m ) regressed each in turn on
groundwater salinity, pellicular water salinity, sediment moisture, sediment organic carbon
content, mud content, and organic matter in mud. Mud content was also regressed on organic
matter in mud using data from the soldier crab habitats sampled at the twenty-five transects. The
parameters selected for regression (viz., groundwater salinity, pellicular water salinity, sediment
moisture, and mud content) are not strictly independent variables. That is, tidal level determines
groundwater salinity and pellicular water salinity with increase in salinity of both upslope along
the tidal gradient (thus, groundwater salinity and pellicular water salinity are related);
groundwater salinity can influence pellicular water salinity, mud content and moisture content
are both related to the tidal gradient, and mud content can affect moisture content. The
relationship between crab numbers and an individual abiotic characteristic was not linear.
Consequently, direct linear regression to relate crab abundance to individual abiotic factor was
too simplistic. This is consistent with crabs having an optimum or preferred range of salinity,
moisture, mud content, and so on.

Because the initial scatter plots showed a weak to moderate association with abundance which
seems due to some environmental data values skewing in relation to the optimal range of the crab,
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a second technique (transformed linear regressions) was used wherein the deviation from a
projected mean or trend was assessed, and values to the positive side of the projected trend were
rotated (transformed) into a single trend, and regressed again. For each environmental parameter,
its optimal value (or range) for supporting high crab abundance was estimated. The difference
between the estimates from each observed value of the parameter was calculated. The abiotic
environmental parameters contribute jointly to the overall probability (i.e., proportion) of the
maximum possible crab abundance that would exist under optimal conditions. The overall
probability is the product, not the sum, of the individual probabilities contributed by the
parameters. At, say, a given transect, if one or more of the parameters contribute a zero
probability, then the overall probability is zero for the transect no matter how optimal the other
parameter values are at that transect. For example, if salinity is fatally high, then there will be no
living crabs no matter how optimal the other parameters. Therefore, the relationship between
abundance and the parameters was modelled to reflect how the individual probabilities vary with
the environmental parameters. That is, as environmental parameters deviate from optimal, the
model should predict the % drop in abundance. Such a model would need to correspond to the
necessarily multiplicative derivation of the overall probability or proportion of abundance.

For Principal Component Analysis, data from the sampling sites from the seven transects (Fig. 53) were used, viz., abundance of crabs, groundwater salinity, pellicular water salinity, sediment
moisture sediment modal grain size, sediment organic carbon content, sediment mud content,
organic matter in mud, depth to water table at low tide, % grain size 500 µm, % grain size
250 µm, % grain size 125 µm, and % grain size 63 µm (Appendix 2). Orthogonal (Varimax) and
oblique (Direct Oblimin) rotations were utilised, as well as PCA analyses using PRIMER 6
(Plymouth Routines in Multivariate Ecological Research).
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Figure 5-3. Seven transects used to obtain data in the Principal Component Analysis, showing
transect profile with respect to tidal levels and sampling points. The data on groundwater salinity,
pellicular water salinity, organic matter content of sediment, content of mud, organic matter content
of mud, sediment moisture at low tide, and depth to groundwater at low tide obtained from the
sampling points are tabulated in Appendix 2
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5.7 Regional setting of study sites

The twenty-five transect sites extend across a latitudinal distance of approximately 900 km, and
8º of latitude, spanning several climatic, coastal, and oceanographic zones. In order to document
the variety of soldier crab habitats in the biogeographic range of the species, and place each
habitat into a regional context, the large-scale characteristics of climate (such as temperature,
rainfall, evaporation, and humidity), coastal sectors and oceanography (sea temperatures and
tidal ranges) for each site are described in Table 5-2 and summarised below. This information
on coastal sector setting, climate setting, rainfall, evaporation, air temperature and sea surface
temperature, and tides is provided as background for the soldier crab habitats of the various
transect sites, and for use for comparative purposes by other researchers on Mictyris elsewhere,
and, in addition, to provide background information on the variation in the regional environment
of M. occidentalis.

The study sites span three climate zones (Gentilli 1972; Australian Bureau of Meteorology
1995): tropical semi-arid for the Broome sites, tropical arid for Port Hedland, Cape Lambert,
Dampier Archipelago, Onslow sites, and North West Cape sites, and subtropical arid for the
Gascoyne Delta and Shark Bay sites. All sites experience hot summers and, for most of the area,
particularly progressing from southern sites to northern sites, rain is delivered by cyclones and
thunder storms in summer. Mean air temperatures range from a maximum of 33.2ºC at Port
Hedland, to a minimum of 16.6ºC at Carnarvon. Mean annual rainfall ranges from 575 mm at
Broome, to 225 mm at Carnarvon and Shark Bay.

Mean annual evaporation ranges from

3400 mm at Dampier Archipelago and Cape Lambert, to 2800 mm at Carnarvon and Shark Bay.
Mean annual humidity (3 pm) is highest at 62% in Carnarvon and Shark Bay and lowest at 34%
in the Cape Lambert area. Mean sea surface temperatures at the regional study sites vary from a
high of 29.4 °C at the Broome sites in the north to a low of 21.5 °C at the Carnarvon and Shark
Bay sites to the south.

Soldier crabs inhabit three coastal sectors: the Canning Coast, the Pilbara Coast and the
Carnarvon Province (Semeniuk 1993), all with their differing geomorphic units expressed at the
smaller scale (Semeniuk 1986): along the Canning Coast and Pilbara Coast there are tidal
embayments, tidal lagoons, tidal creeks, shoals, base of beach slopes, low tidal sand flats, and
ebb-tidal deltas; in the Carnarvon Province there are tidal lagoons, tidal creeks, depressions
leeward of spits, and the base of beach slopes. Tides in the study area between North West Cape
and Broome are semi-diurnal. Tides at Houtman Abrolhos, Carnarvon, and Shark Bay are
variable: Carnarvon is mixed semi-diurnal and diurnal; Monkey Mia is predominantly semi176

diurnal; Houtman Abrolhos is predominantly diurnal. Tidal ranges are extreme macrotidal (mean
tidal range > 8 m; cf. Semeniuk 2000) for sites between Port Hedland and Broome, macrotidal
(mean tidal range > 4 m up to 8 m) for Dampier Archipelago and the Cape Lambert area,
mesotidal (mean tidal range 2-4 m) at Onslow and North West Cape, and microtidal (mean tidal
range ≤ 2 m) at Houtman Abrolhos, Shark Bay and Carnarvon.

5.8 Wave energy in relation to shore types and soldier crab habitats

In terms of the regional- to local-scale setting and wave energy, it is evident that soldier crabs
occupy habitats that are relatively low energy, i.e., either sheltered from direct wave action, or
subject to diminished wave action due to offshore dampening effects (e.g., seagrass meadows, or
low-gradient, dissipative shores). In this context, most of the study sites with resident soldier
crabs are generally in relatively low wave-energy environments because of their location in
embayments, barred tidal lagoons, tidal creeks and tidal lagoons within strand plains and deltaic
complexes, and beach/dune shores leeward of spits or rocky headlands. Local-scale habitats
(geomorphic units) within these relatively low wave-energy environments are comparatively
stable and less prone to major sediment movement and surface sediment reworking by strong
wave action, and hence host a range of infaunal organisms (including soldier crabs) that reside
within the upper 30 cm of the substrate.

However, within these environments, some sites are more, or less, sheltered than others: Table 53 provides a ranking of exposure to wave energy at the study sites, graded from regionally most
exposed to most sheltered, based on geomorphic considerations (such as barriers), slope
characteristics of the tidal zone, occurrence of mud in the sediments, grading of grain size
upslope, and observation of wave types.

Table 5-3 also provides an explanation for the

occurrence of the soldier crab habitat at each of the twenty-five study sites.

For this study, three types of exposure/shelter, based on degree of wave exposure, energy of the
waves, and degree of geomorphically-controlled shelter, are identified (Table 5-3). Type 1,
which is regionally exposed, is where the whole coast is open and exposed to swell and wind
waves; this coastal type may be locally dissipative with respect to wave energy and hence
generating low-gradient flats; Type 2, although the regional context is of exposure to waves, is
where the local environment is reasonably sheltered, hence of lower energy than the open coast;
and Type 3 is fully sheltered, however, while the open coast may be regionally exposed to swell
and wind waves, the site or habitat is wholly protected from these waves.

Soldier crabs

occurring in Type 1 coastal setting do so because of the shoal and depression tidal topography,
local shelter along exposed coasts by offshore ridges, or shelter amongst rocky knolls or
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outcrops (e.g., semi-protected sand pockets leeward of, or amongst, local rock outcrops on a
high-energy beach such as Entrance Point at Broome). Soldier crabs occur in Type 2 sites with
local shelter along exposed coasts, leeward of permanent mangrove-vegetated sand shoals such
as at King Bay (Dampier Archipelago), leeward of low shoals and spits in shoal-and-spit
complexes along low-gradient, dissipative shores such as at Settlers Beach (Cape Lambert
region) and Monkey Mia (Shark Bay), or leeward of seagrass banks that have absorbed much of
the wave energy of translational waves such as at the shore of the Gascoyne Flats (north-eastern
Shark Bay). Soldier crabs occurring in Type 3 sites occur in lagoons or on strand plains fully
protected from open coastal swell and wind waves by barriers (e.g., the sites at Coconut Well,
and on the strand plain of the Gascoyne Delta).

Application of the criteria of Brown (1990) to assess exposure/shelter, as described earlier in the
Methods, results in the categorisation of the twenty-five study sites as sheltered to very sheltered
(Table 5-4). The grading of the coasts in terms of wave energy presented in Table 5-3 is more or
less supported by the application of the criteria of Brown (1990), with Entrance Point (Broome)
being assessed as most exposed, and the (coastally invaginated) tidal creeks and lagoons
(axiomatically) being assessed as most sheltered.
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Table 5-2
Description of location and regional features of study sites including coastal sector, climate setting, rainfall, evaporation, air temperature and sea surface
temperature and tidal information (Data sources: Australian Bureau of Meteorology 1995; Australian National Tide Tables 2009)
Sites 1-4: Sites 1 and 2 Coconut Well (17º 49' 16.0", 122º 12' 45.38") ~ 18 km north of Broome, Site 3 at Entrance Point, Broome (17º 59' 53.72", 122º 12' 25.99"), and
Site 4 at Broome boat ramp (17º 58' 02.41", 122º 14' 12.71") facing southern Roebuck Bay are all in the same climatic and oceanographic zone along the Canning
Coast.
Climate is tropical, semi-arid, with hot summers, and with summer rainfall; mean annual rainfall 575 mm; mean annual evaporation 3200 mm; mean annual humidity (3
pm) is 50%; mean annual temperature range 32.1ºC - 21.1ºC; and mean sea surface temperature range 29.0ºC - 23.4ºC. Tides semi-diurnal and macrotidal; tidal ranges
are: HAT-LAT = 10.5 m; MHWS-MLWS = 8.3 m; MHWN-MLWN = 2.1 m
Sites 5, 6 and 7 at Port Hedland are located at Nine-mile Creek (20º 20' 1.03", 118º 40' 18.83"), Six-mile Creek West (20º 19' 19.42", 118º 39' 50.72"), and Six-mile
Creek East (20º 19' 19.42", 118º 39' 50.72"), respectively, are on the Pilbara Coast.
Climate is tropical, arid with hot summers, and with summer rainfall; mean annual rainfall 311 mm; mean annual evaporation 3300 mm; mean annual humidity (3 pm)
is 39%; mean annual temperature range 33.2ºC - 19.4ºC; tidal ranges are: HAT-LAT = 7.5 m; MHWS-MLWS = 5.5 m; MHWN-MLWN = 1.3 m
Site 8, 9 and 10 are at Cossack East (20º 40' 30.92", 117º 11' 38.08") along Butchers Inlet, east of Cossack, Settlers Beach (20º 40' 03.20", 117º 14' 40.24") north of
Cossack, and at Point Samson (20º 37' 47.46", 117º 11' 51.04"), respectively are on the Pilbara Coast.
Climate is tropical, arid; with hot summers and summer rainfall; mean annual rainfall 313 mm; mean annual evaporation 3400 mm; mean annual humidity (3 pm) is
34%; mean annual temperature range 31.9ºC - 20.1ºC; and mean sea surface temperature range 28.4ºC - 24.1ºC. Tides are semi-diurnal and macrotidal; tidal levels from
nearest port (Port Walcott) are: HAT-LAT = 6.2 m; MHWS-MLWS = 4.3 m; MHWN-MLWN = 1.1 m
Sites 11-18 are in the same climate and oceanographic region in the Dampier Archipelago along the Pilbara Coast. Sites 11, 12, and 13 are at Hearsons Cove (20º 37'
37.63", 116º 47' 53.11"), Site 14 is at Withnell Bay (20º 34' 17.87", 116º 47' 46.68"), Sites 15-18 are in King Bay (20º 38' 0.8.56", 116º 45' 26.21"; 20º 38' 10.84", 116º
45' 29.35"; 20º 38' 8.63", 116º 45' 35.06"; 20º 38' 13.52", 116º 45' 28.85").
Climate is tropical arid; with hot summers, and with summer rainfall; mean annual rainfall is 311 mm; mean annual evaporation is 3400 mm; mean annual humidity (3
pm) is 51%; mean annual temperature range is 30.6ºC - 22.7ºC; and mean sea surface temperature range is 28.4ºC - 24.1ºC. Tides are semi-diurnal and macrotidal; tidal
ranges are: HAT-LAT = 5.1 m; MHWS-MLWS = 3.7 m; MHWN-MLWN = 0.9 m
Site 19 is at Onslow (21º 41' 02.85", 115º 03' 23.50") along the Pilbara Coast.
Climate is tropical, arid; with hot summers, and with summer rainfall; mean annual rainfall 275 mm; mean annual evaporation 3000 mm; mean annual humidity (3 pm)
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is 54%; mean annual temperature range 31.3ºC – 18.1ºC; and mean sea surface temperature range is 27.6ºC - 24.5ºC. Tides are semi-diurnal and mesotidal; tidal ranges
are: HAT-LAT = 3.0 m; MHWS-MLWS = 1.9 m; MHWN-MLWN = 0.6 m
Site 20 is at Mangrove Bay (21º 58' 17.17", 113º 56' 24.89") is on the western side of North West Cape, Carnarvon (coastal) Province.
Climate is tropical, arid; with hot summers, and with autumn-winter rainfall; mean annual rainfall 267 mm; mean annual evaporation 3000 mm; mean annual humidity
(3 pm) is 35%; mean annual temperature range 30.8ºC – 19.1ºC; and mean sea surface temperature range is 30ºC - 17ºC. Tides are semi-diurnal and mesotidal; tidal
ranges are: HAT-LAT = 2.8 m; MHWS-MLWS = 1.8 m; MHWN-MLWN = 0.6 m
Sites 21, 22, 23 and 24 are in the same climate and oceanographic region in the Carnarvon (coastal) Province: Site 21 is at One Tree Point (24º 51' 43.88", 113º 37'
43.00" on a strand plain north of Carnarvon, Site 22 is at West Babbage Island, Gascoyne Delta (24º 52' 36.60", 113º 37' 34.46"), and Site 23 is at West Babbage Island,
Gascoyne Delta (24º 52' 38.74", 113º 37' 30.72") west of Site 22, and Site 24 is the tidal edge of the Gascoyne Flats, (24º 54' 44.71", 113º 40' 17.88"), northeast of
Shark Bay.
Climate is subtropical and arid; with hot summer and autumn-winter rainfall; mean annual rainfall 230.8 mm; mean annual evaporation 2800 mm; mean annual
humidity (3 pm) is 62%; mean annual temperature range is 27.2ºC – 16.6ºC; and mean sea surface temperature range is 25.3ºC - 21.5ºC. Tides are mixed semi-diurnal
and diurnal, and microtidal; HAT-LAT = 2.0 m; MHWS-MLWS = 0.9 m; MHWN-MLWN = 0.5 m
Site 25 is at Monkey Mia (25º 47' 36.44", 113º 43' 18.05") on the east side of the Peron Peninsula, Shark Bay, Carnarvon (coastal) Province.
Climate is subtropical, arid; with hot summers and autumn to winter rainfall; mean annual rainfall is 224.7 mm; mean annual evaporation 2800 mm; mean annual
humidity (3 pm) is 62%; mean annual temperature range is 26.6ºC – 17.5ºC; and mean sea surface temperature range is 25.0ºC - 21.5ºC. Tides are predominantly semidiurnal and microtidal; tidal ranges are: HAT-LAT = 1.5 m; MHWS-MLWS = 1.0 m; MHWN-MLWN = 0.4
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Table 5-3
Exposure to wave-energy ranking and explanation for occurrence of soldier crab habitat at each of the twenty-five study sites
Soldier crab habitat site

Exposure

Explanation for relative shelter and development of soldier crab
habitat

High wave energy – most exposed coasts – Type 1 coast
Entrance Point, Broome

regionally exposed; very locally sheltered

a peninsula of Mesozoic rock fully shelters the site from waves
deriving from south-westerly to north-easterly quadrants, and partially
shelters the sites from waves deriving from southerly quadrants; on the
beach, at the local scale, Mesozoic rock outcrops provide pockets of
relative shelter for soldier crab habitat

Settlers Beach near Cape Lambert

regionally semi-protected; locally protected
by shoals and spits

a rocky peninsula of Precambrian rock on the east of the site semiprotects this site regionally from easterly swell, and Cape Lambert
protects the site from westerly and north-westerly swell; low-tidal zone
is a dissipative shore and hence, locally, the soldier crab habitat is
protected by emergent shoals and spits

Point Samson near Cape Lambert

regionally semi-protected; locally protected
by shoals and spits

a rocky peninsula of Precambrian rock on the east of the site and
Pleistocene limestone on the west shelter this embayment from ocean
swell and most wind waves

Six-mile Creek West, and Six-mile
Creek East, Port Hedland

regionally exposed; sub-regionally sheltered

a line of Quaternary limestone reefs partially shelters these sites from
ocean swell; low-tidal zone is a dissipative shore
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Table 5-3 cont.
Moderate wave energy – coasts exposed to local wind waves, but with local protection – Type 2 coast
Mangrove Bay, north-western North
West Cape

regionally protected from swell by the
Ningaloo Reef and from wind waves by a
barrier spit – effectively the site is along the
shore of a semi-barred lagoon

the Ningaloo Reef and the alongshore barrier spit combine to protect
the semi-barred lagoon

Gascoyne Flats, north-eastern Shark Bay

regionally protected by offshore limestone
islands; sub-regionally exposed to local wind
waves

offshore seagrass banks dampen wave energy at this site

Monkey Mia, middle Shark Bay

regionally protected by offshore limestone
islands and Peron Peninsula; sub-regionally
exposed to local wind waves; locally
protected by spit

while sub-regionally wave-agitated, locally emergent shore-parallel
large sand spit protects this site

Broome Town

regionally sheltered in large embayment

a peninsula of Mesozoic rock (comprising the Broome Peninsula Gantheaume Point and Entrance Point) fully shelters the site from
waves deriving from south-westerly to north-easterly quadrants, and
partially shelters the site from southerly waves; at the local scale,
mangroves seaward of the high-tidal sand flat also shelter these sites

Hearsons Cove sites # 2 and 3, Dampier
Archipelago

regionally semi-exposed in wide embayment

large rocky headland of Precambrian rock provides protection from
swell and most wind waves; low-tidal zone is a dissipative shore and
hence, locally, the soldier crab habitat is protected by emergent shoals

Withnell Bay and King Bay sites # 1-3,
Dampier Archipelago

regionally exposed, but sub-regionally
protected by long embayment and headlands
at narrow mouth of embayments

located deep within the King Bay and the Withnell Bay embayments;
further, the King Bay sites are locally sheltered by mangrove-vegetated
sand shoals

Hearsons Cove # 1, Dampier
Archipelago

high tidal sand flat regionally semi-exposed in
wide embayment; locally sheltered by
mangroves

a large rocky headland of Precambrian rock provides protection from
swell and most wind waves
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Table 5-3 cont.
Low wave energy - coasts protected from waves by barriers, beach ridges (on a strand plain), or sites within tidal creeks – Type 3 coast
East Cossack near Cape Lambert

regionally semi-protected; tidal flat subregionally sheltered by its location at the
mouth of a large tidal creek

a peninsula of Precambrian rock and interior of tidal creek combine to
provide shelter for this embayment from swell and most wind waves

King Bay # 4 (tidal-creek shoal),
Dampier Archipelago

tidal creek shoal regionally exposed, but subregionally protected by long embayment and
headlands at narrow mouth of embayments

located deep within the King Bay embayment and further sheltered by
being in the axis of a tidal creek

Nine-mile Creek, Port Hedland

regionally exposed; sub-regionally sheltered

a line of Quaternary limestone reefs partially shelters these sites from
ocean swell and waves; otherwise, shelter afforded by the site being in
the axis of a tidal creek

Onslow

tidal creek regionally sheltered by barrier
dune

tidal creek is protected from open oceanic wave action and wind waves
and shelter also afforded by the site being in the axis of a tidal creek,
but may be intermittently subjected to tidal flows

Babbage Island: tidal lagoon and tidal
creek within the Gascoyne River Delta

regionally exposed, and sub-regionally well
protected by barriers of low dunes and beach
ridges; locally protected by shoals and spits

while regionally wave-agitated, extensive deltaic strand plains of low
beachridges and local low dunes shelter these sites as lagoons

One Tree Point, Gascoyne Delta

regionally sheltered

within the deltaic complex, this tidal creek is protected from open
oceanic wave action and wind waves by barrier dunes; shelter also
afforded by the site being in the axis of a tidal creek on a strand plain

Coconut Well (2 sites), Broome

regionally very well sheltered

located in a wholly protected, shallow-water lagoon, sheltered from all
oceanic waves by a sand barrier
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Table 5-4: Application of criteria of Brown (1990) in assessing degree of exposure/shelter
of a sandy shore for the twenty-five transect sites of this study
Site (graded in order of decreasing
energy according to Table 5-3)
Entrance Point, Broome
Settlers Beach near Cape Lambert
Point Samson near Cape Lambert
Six-mile Creek West, and Six-mile Creek
East, Port Hedland
Mangrove Bay, north-western North West
Cape
Gascoyne Flats, north-eastern Shark Bay
Monkey Mia, middle Shark Bay
Broome Town
Hearsons Cove sites # 2 and 3, Dampier
Archipelago
Withnell Bay and King Bay sites # 1-3,
Dampier Archipelago
Hearsons Cove # 1, Dampier Archipelago
East Cossack
King Bay # 4 (tidal-creek shoal), Dampier
Archipelago
Nine-mile Creek, Port Hedland
Onslow
Babbage Island: tidal lagoon and tidal creek
within the Gascoyne River Delta
One Tree Point, Gascoyne River Delta
Coconut Well (2 sites), Broome

Numerical score of
exposure/ shelter using
Brown (1990)
10
6
6
6

Assessment of
exposure/ shelter
using Brown (1990)
sheltered
sheltered
sheltered
sheltered

7

sheltered

9
9
6
6

sheltered
sheltered
sheltered
sheltered

4 (to 5)

very sheltered

3
4
5

very sheltered
very sheltered
very sheltered

5
3
3

very sheltered
very sheltered
very sheltered

3
3

very sheltered
very sheltered

Various degrees of wave energy generate different types of beaches, sandy shores, and beach
forms. Wright & Short (1983) have categorised the types, identifying at one extreme, reflective
beaches and at the other extreme, dissipative beaches, together with a range of intermediate
forms.

In north-western Australia, in the biogeographic range of M. occidentalis, macrotidal sandy
shores commonly show a partitioning of slope, with a steeper shore between ~ MSL and HAT
(gradients ~ 1:30 to 1:50), and a low-gradient shore between ~ MSL and LAT (gradients ~ 1:100
to 1:200). The upper, steeper part of the shore is referred to as a reflective beach (Wright &
Short 1983). Commonly, the reflective beach sharply adjoins the low-gradient part known as the
dissipative beach (Wright & Short 1983; Short & Wright 1984), and as such, most macrotidal
sandy shores in north-western Australia can be assigned to the intermediate beach type,
comprising a high-tidal reflective domain and a low-tidal dissipative domain (Fig. 5-4).
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Figure 5-4. Hearsons Cove showing low-gradient dissipative shore (a low-tidal flat) sharply
adjoining a steeper-gradient, higher-tidal reflective beach.

Wright et al. (1982) specifically investigated the partitioning of shore slope along a macrotidal
sandy coast at Cable Beach (Broome). They noted the low gradient, dissipative subtidal and lowtidal zone, and the steeper, more reflective mid-tidal and high-tidal zone.

With direct

measurements of energy flux, and relating wave energy to tidal landforms, Wright et al. (1982)
concluded that the work of waves over the lunar half cycle for different points on the intertidal
profile shows similar dissipation rates and a relatively uniform distribution of work of waves
over most of the profile. The maximum of wave work is in the middle of the low-tidal zone and
over the lower part of the high-tidal zone. Most of the work of the waves over the low-tidal and
mid-tidal zones was performed by unbroken shoaling waves rather than surf zone processes. This
is an important factor, as it results in low-gradient shores or low tidal flats (wave-dissipating, and
hence wave-smoothed), and steeper shores (that may become reflective beaches) signalling more
typical surf-zone processes.

The beach study site of Wright et al. (1982) at Cable Beach is high energy, and does not support
soldier crabs. Using the scheme of Brown (1990), the beach scores 11, and is assessed as
exposed (see later).

In general, in north-western Australia, for sites protected from direct swell, my observations are
that during a rising tide, with wind waves (which tend to be low amplitude < 1 m height), the
low-gradient slope dissipates wave energy, and when water level is above MHWN, the low-
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gradient slope of the dissipative shore may be below wave base. The low tidal flats, having
dissipated wave energy in low tide and subtidal environments, and below wave base during high
tide, are subject only to relatively low wave energy and are able to develop soldier crab habitats,
particularly if the tidal flat between MSL and MLWN is comprised of shore-parallel shoals.
During high tide, with wind waves, the steeper, upper part of the sandy tidal zone (the reflective
beach) receives and partly reflects wave energy, and is a higher energy zone of the shore. Such
steeper shores generally do not support soldier crab populations for reasons of wave energy, and
depth to water table during a low tide. Also, they tend to be coarser in grain size than the low
tidal flats. However, since the upper part of the beach slope acts as an aquifer for high tide
phreatic seawater, which discharges during ebb tide from the beach face along the contact
between the relatively steep slope and the low-gradient slope, there is local development of
soldier crab habitat either along the base of the slope of these reflective beaches (if their grain
size is not too coarse) or on the sand flat immediately adjoining the beach slope.

5.9 Coastal sediments, hydrology, salinity, vegetation, and stratigraphy
A brief and simplified synthesis is provided of the coastal processes, sediments, hydrology,
salinity, mangroves and salt marsh, and the influence of local stratigraphy on hydrology, along
the north-western coast of Western Australia, from the Dampier Peninsula to Shark Bay, as it has
direct relevance to the development and occurrence of soldier crab habitats. It helps explain the
spatial variation in sediments (and hence habitats) across beaches and tidal flats, and the
physico-chemical factors and processes that underpin the development of soldier crab habitats,
and helps explain those locations where soldier crab habitats will not be developed. The
information is derived from Davies (1970), Logan & Cebulski (1970), Logan et al. (1970, 1974),
Brown & Woods (1974), Hagan & Logan (1974a, 1974b), Read (1974), Johnson (1982),
Semeniuk (1981, 1983, 1985, 1986, 1993, 1995, 1996, 2005, 2008), Galloway R. W. (1982),
Semeniuk et al. (1982), Thom (1982, 1984), Wright et al. (1982), Short & Wright (1984), and
Semeniuk & Wurm (1987). The synthesis of coastal processes, sedimentology, hydrology,
salinity, and local stratigraphy that follows relates to development and internal features of a
given tract of coast at site-specific level (e.g., a pocket beach or a prograded tidal flat) but not at
a scale of the evolution of integrated coastal systems such as deltas, ria shores, or barrier-island
complexes (e.g., Semeniuk 1985, 1996, 2008).
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Critical processes and products occurring and developed along the north-western coast of
Western Australia involve: 1. terrestrial processes (such as the supply of terrigenous sediment);
2. local biogenic sediment production; 3. sediment types developed along the shore; 4. coastal
processes (such as waves, wind, and tides) developing geomorphic units along the shore; 5. the
groundwater systems; 6. tidal-zone groundwater levels; 7. tidal-zone groundwater salinity and
gradients; 8. fresh-water seepage and seawater seepage; and 9. tides and the drying of the shore
surface resulting in variation in pellicular water content and its salinity (cf. Semeniuk 1983).
Many of these are inter-related, for instance, tidal range and slope of tidal shore have influence
on the extent and rapidity that tidal-zone groundwater can discharge down-gradient. These
processes and products are summarised in Figure 5-5 (A - E).

Terrestrial processes, such as fluvial delivery of sediment, or sheet-wash, amongst others, result
in variable supply of terrigenous sediment to the coast. This is particularly relevant in parts of
the coast that receive fluvial influx (Semeniuk 1993), such as the Gascoyne River Delta
(Johnson 1982), the Wooramel River Delta (Logan et al. 1970), and the Pilbara Coast deltas
(Semeniuk 1995). While terrestrial processes deliver silicic sand to the coast forming deltas
and other coastal sand deposits, of particular importance also is the supply of terrigenous mud
which accumulates in the shore zone in the mid- to upper-tidal level (Semeniuk 1993, 2005).
Biogenic sediments also accumulate at the coast as gravel-, sand-, and mud-sized skeletons and
fragments. Additionally, calcium carbonate mud may be deposited along the shore by the
breakdown of calcareous biota, or by influx from offshore. Coastal processes involving waves,
wind, and tides erode, mobilise, shape and help accumulate these sediments as shell and
lithoclast gravel, silicic sand, calcium carbonate sand, calcareous quartz sand, muddy sand, and
terrigenous mud and calcium carbonate mud, in various geomorphic settings and sedimentary
environments such as tidal flats, beaches, coastal dunes, spits, and cheniers, amongst others.
With adequate supply of materials, sediments prograde to develop coastal muddy plains, muddy
plains punctuated by stranded barriers and beachridges, sandy beachridge plains, accreted spits,
cheniers, and dunes (Semeniuk 1993, 2008).

Setting aside rocky shores which, axiomatically, are largely sediment-free and thus are not
soldier crab habitats, the accretionary sedimentary coastal systems of the north-western coast of
Western Australia can be divided into three end-members, which can be related to the extent
that wave energy impacts on the shore and the amount of sediment supplied to the coast: 1.
sand-dominated, 2. sand-and-mud systems, and 3. mud-dominated.
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Within a framework where wave energy influences the type of sediment that accumulates along
the shore (with the caveat that sediment supply can determine whether sediments accumulate
even in extremely high-energy environments), a simplified diagram that relates sedimentary
coastal forms to wave energy, from the highest energy to the lowest energy is presented in
Figure 5-5A. In terms of wave energy, at one extreme, sand-dominated systems tend to be
wave-dominated systems, while mud-dominated systems tend to be areas with low wave
energy. Within this spectral framework, soldier crab habitats are located in sand-dominated
systems (but which do not experience the highest wave energy impinging on the shore), or
within sand-and-mud systems. In Western Australia, mud-dominated systems are not sites for
habitats for M. occidentalis, and as such are not considered further here.

The sand-dominated systems generally occur in prograded beachridge plains, sand-dominated
deltas, barrier-dune coasts, coastal sand ribbons, or pocket beaches (often between headlands).
Examples of sand-dominated shores are the beach-dune shores of the Peron Peninsula in Shark
Bay, the beach-dune tract at and near Onslow on the Pilbara Coast, and Eighty Mile Beach
along the Canning Coast. If soldier crab habitats occur within these sand-dominated systems,
they are located where there is some specific relative protection from waves (e.g., in the lee of
local rocky reefs on a beach, such as at Entrance Point, Broome), leeward of locally-developed,
low-relief shoals (e.g., Settlers Beach near Cossack), behind low-relief, beach-ridge barriers or
in the most sheltered part of a cove, protected from swell and wind waves by its orientation
(e.g., northern Hearsons Cove in the Dampier Archipelago), or where wave dampening occurs
because of low gradients in the shore face, i.e., dissipative shores, such as along the tract of
Eighty Mile Beach.

High energy in wave-dominated systems involves extensive daily

reworking of the sand substrate to depths of 10-30 cm, generating megaripples or plane beds
(Reineck & Singh 1980; Shipp 1984), both resulting in marked mobility of sand in the depth
interval where soldier crabs would normally reside. Thus, in sand-dominated sedimentary
systems the occurrence of soldier crab habitats will depend on the level of wave energy
impinging on the shore, the extent the shore is wave-dissipative, and what degree of shelter or
degree of wave dampening can be developed by local factors or features in the environment
(such as rocky headlands, spits, and shore-parallel shoals and depressions).
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Sandy environments in extreme macrotidal settings also are subject to strong tidal reworking,
with development of megaripples and plane beds (see Fig. 3 of Semeniuk 1981), again,
resulting in marked mobility of sand in the depth interval where soldier crabs would normally
reside.

Sand-and-mud-dominated systems occur in many locations along the north-western coast of
Western Australia. Where both sand and mud occur on a tidal flat in tide-dominated systems
(such as King Sound), sand will accumulate in the lower end of the tidal range, which also is
the most inundated and subject to more prolonged wave reworking, while mud accumulates in
the mid- to upper-tidal zones, which also is the zone progressively the least inundated and
subject to less prolonged wave reworking (Semeniuk 1981, 2005). Mud accumulates in the
upper-tidal zones because of the phenomenon of scour-lag and settling-lag (Postma 1967).
Where there is both sand and mud in wave-dominated systems, and where there is partitioning
of the shore into a reflective beach and a dissipative shore, sand will accumulate in the upper
end of the tidal range, and mud will tend to accumulate in the low tidal and subtidal
environments.

The zone of transition along the tidal gradient between accumulations predominantly of sand
and those predominantly of mud will be inter-layered sand and mud, or burrow-mixed muddy
sand (Semeniuk 1981, 2005). Depending on the ratio of sand to mud in a given location, the
boundary between the sand-dominated and mud-dominated facies can occur anywhere from the
level of LWN to MSL: in King Sound it is at ~ MLWN, at King Bay it is mid-way between
MSL and MLWN, and at Withnell Bay it is at ~ MSL. As will be shown later, soldier crab
occurrence is related to content of mud in the sediment, and the occurrence of soldier crabs in
sand-to-mud facies will be related to the boundary condition between sand and mud, and in
particular where mud comprises only a low proportion of the muddy sand. In other words,
where mud begins to accumulate on the tidal slope, a specific content of mud in the sandy
sediment can determine where along the tidal gradient the soldier crab will be eliminated.
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Figure 5-5 A to E. Various physical settings and processes that determine soldier crab habitats.

190

In terms of groundwater residing under tidal sediments, the coastal zones where soldier crabs
occur are influenced by two groundwater systems (Semeniuk 1983, 1985; Semeniuk & Wurm
1987): (1) marine water which inundates the tidal flats daily, and recharges the groundwater
system under the tidal flat and under beaches; and (2) fresh water residing in the hinterland
which discharges into the tidal zone along specific conduits or along an interface. With daily
inundation between MSL and low tide, the salinity of the groundwater and pellicular water
under the tidal flat tends to approximate that of the recharging marine waters (i.e., ~ 35-40 ppt).
Higher along the tidal gradient, with less frequent flooding and more exposure to solar-induced
evaporation, transpiration, and wind-induced evaporation, the salinity of groundwater and
pellicular water progressively increases (Semeniuk 1983, 1985; Semeniuk & Wurm 1987). On
tidal flats at the edge of the landward mangroves, for instance, at levels ~ MHWS, salinity of
groundwater is ~ 90 ppt, and towards the edge of the salt flats at levels of highest spring tides,
depending on tidal range and on climate, it may reach 150-180 ppt (Semeniuk 1983). Thus,
there is a gradient of increasing salinity of groundwater and pellicular water from near-marine
on the low-tidal flats to 150-180 ppt on the high tidal flat, in response to decrease in marine
recharge and increase in evaporation and transpiration. This gradient is complicated where
there is delivery of fresh water or seawater into hypersaline groundwater by appropriate
aquifers.

Fresh water discharging into the tidal environment, particularly along the interface of the
hinterland and the level of the highest tide, dilutes any hypersaline groundwater and pellicular
water that might normally have been present in high-tidal zones, reducing their values to as low
as ~ 27 ppt. Seawater invading appropriate sedimentary aquifers (such as the margin of a sandy
dune, or high-tidal beach sand wedges) during a high tide also can discharge downslope on an
ebb tide, delivering seawater by seepage to tidal zones whose groundwater and pellicular water
normally might be hypersaline. Apart from their influence on groundwater and pellicular water
salinity, fresh-water seepage and seawater seepage also have the effect of increasing moisture
content in the surface sediments. This is particularly important in high-tidal areas that would
normally be relatively dry and saline during the low tide or neap tide. For seawater seepage, it
is significant in mid-tidal areas where steep (reflective) beaches or moderately sloping beaches
interface with low-gradient tidal flats (or dissipative shores); seawater discharges from the base
of the beach onto the lower tidal flat (Fig. 5-6). This hydrological situation is ubiquitous along
the shores of north-western Australia where reflective beaches interface with dissipative shores,
and it is important in the development of local soldier crab habitats.
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Figure 5-6. Seepage of seawater on an ebb tide
from the base of a beach slope on a reflective
beach.
A. Strong seepage at Six-mile Creek East (occurrences of soldier crab pustules are arrowed).
B. Moderate seepage at Mangrove Bay (upper and
lower margin of the zone of soldier crab workings
is outlined). This seepage is located along the
junction of sand (of the beach) and slightly
muddy sand (of the tidal flat).

There are various stratigraphic settings and interfaces that have an important function in the
hydrology of tidal flats, and seepage, as described above, is especially pronounced where there
are appropriate stratigraphic contacts and unconformity surfaces. For example, the discharge of
seawater or fresh water, from sand along a sand/mud interface can be a locally important site
for the development of soldier crab habitats. Similarly, seawater or fresh water, stored in a
sand aquifer that discharges along a relatively impermeable or less permeable interface (such as
an unconformity cut on limestone), also can result in the local development of habitats for
soldier crabs. Various settings for storage and discharge of seawater or fresh water, where they
result in soldier crab habitats, are shown in Figure 5-7.

An important component of the tidal-flat hydrology is the level of the groundwater table under
the tidal flat or beach during the low tide. When the tide has ebbed, the levels of groundwater
under the tidal flat, or the beach, descend. This results in water-saturated sediment becoming
undersaturated (marine phreatic water becomes marine pellicular water). Over an ebb-tidal
period, on a relatively moderately sloping mid-tidal flat underlain by sand, the water table can
drop 30-80 (-100) cm. On a relatively low-gradient mid-tidal flat, underlain by sand, the water
table may drop only 10-20 cm. Once exposed by an ebb tide, the tidal-flat surface and the
pellicular water therein are subjected to solar radiation and wind, resulting in a drying of the
surface, and an increase in pellicular water salinity.
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Figure 5-7. The influence of stratigraphy on tidal flat hydrology and the development of soldier
crab habitat at the base of beach slopes.
A & B. Seepage of seawater (discharge of groundwater) during ebb tide with discharge located
along a stratigraphic interface - an unconformity cut into limestone for (A) and a mud or
muddy-sand layer (for B).
C. Discharge of seawater at the base of a beach slope developing a soldier crab habitat. Also,
shoal acts as a “dam” retarding seawater discharge on an ebb tide, resulting in longer moisture
retention on the landward margin of the shoal and hence development of a soldier crab habitat.

The extent to which the surface dries, the water table falls below the tidal flat, and the salinity
of the pellicular water increases over the ebb-tide period will depend on a number of factors: 1.
the tidal range (large tidal ranges provide more scope for larger groundwater table drop because
of the larger hydraulic head between the groundwater level and the low-tide level); 2. the slope
of the surface (the steeper surfaces will drain groundwater more rapidly, leaving a greater
thickness of pellicular water); 3. the position on the tidal gradient (LWN levels and the mid-
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tidal level will drain more completely, respectively, than LWS levels, firstly because of the
increasing hydraulic head upslope on the tidal flat, secondly because the lower tidal levels
would not have enough hydraulic head to fully complete draining, and thirdly because there
would not be enough time to fully drain low-tidal parts of the tidal flat before the return of the
flood tide); and 4. sediment type (sand will drain more rapidly than muddy

sand and mud).

Figures 5-5B to 5-5E summarise these aspects of the environment. Some features of the
dynamics of groundwater table, recharge and discharge, and capillary fringe effects on beaches
have been described and discussed by Emery & Foster (1948), Erickson (1970), Lanyon et al.
(1982) and Turner (1993); the reader is referred to these works for some background
information. In this chapter, there was a focus on the effects of hydrologic patterns on the
beach and sandy shores in generating and maintaining soldier crab habitats.

In response to tidal inundation, groundwater and pellicular water salinity, sediment types, and
biological factors (such as inter-species competition), mangroves and salt marsh may inhabit
particular levels of the mid-to upper-tidal zone.

Mangroves occur between ~ MSL and

~ MHWS, in zoned floristic assemblages and zoned structural forms (Semeniuk et al. 1978;
Semeniuk 1983, 1985, 1993; Semeniuk & Wurm 1987).

Mangroves can inhabit mud-

dominated substrates, muddy sand substrates, and sand-dominated substrates. In the realm of
the Western Australian soldier crab, mangroves inhabiting sand-dominated substrates are
important, because they reside in niches the soldier crab could have occupied. Salt marsh, and
in particular, Sporobolus virginicus (the sea couch) occurs at level of ~ HAT or MHWS,
tending to inhabit the high-tide zone in sandy environments. Both are mentioned here because
they have an influence, at the local scale, on the occurrence of soldier crabs in north-western
Australia.
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5.10 Results
5.10.1 Regional distribution of soldier crabs
Along the Western Australian coast, soldier crabs occur in a wide range of coastal settings
(each setting with its specific wave energy), tidal environments, gradients of tidal flats, (sandy)
sediment types, and environments with or without cover of mangroves or sea couch. Soldier
crab occurrences as presence/absence based on the 1980-2008 surveys, and long-term records
of the Western Australian Museum, dating back to 1939, are noted in Table 5-6 and Figure 5-8,
and described in Appendix 1. Brief descriptions of the coast along Western Australia where
surveys for soldier crabs were undertaken also are provided in Appendix 1.

In the ensuing text on the regional distribution of soldier crabs, the northern and southern limits
of the biogeographic distribution of M. occidentalis are described first. The environmental
information for the northern and southern limits of the species is derived from Semeniuk (1981)
for King Sound, from Davies (1970), Logan & Cebulski (1970), Logan et al. (1970), Brown &
Woods (1974), Hagan & Logan (1974a, 1974b) and Read (1974) for Shark Bay, as well as more
site-specific data obtained during this study as presented in Appendix 1.

The northern boundary of the distribution of M. occidentalis is One Arm Point, east of Cape
Leveque, essentially the north-western extremity of King Sound (Fig. 5-8). M. occidentalis has
not been recorded in the interior of King Sound (Semeniuk 1981). The gulf of King Sound is
an extreme macrotidal, sand-and-mud sedimentary system wherein there are three sedimentary
environments (Semeniuk 1981): 1. mud accumulating at tidal levels from ~ MSL to HAT, and
obviously providing no soldier crab habitats; 2. an abundance of mud mixed with varying
amounts of sand that accumulates at tidal levels from ~ MLWN to MSL (progressing from
MLWN, this accumulates as muddy sand, or interlayered sand and mud), and obviously not
providing soldier crab habitats; and 3. high-energy, low-tidal sand flats that are megarippled
and physically reworked daily to depths of 10-30 cm during spring tides, and dominated by the
sand bubbler crab (this also is not a soldier crab habitat).
The southern limit of the range of the species is in the Monkey Mia area (5 sites), with the crab
inhabiting a sand-floored lagoon leeward of a spit at Monkey Mia, and shoal-and-depression
sand flats about 5 km north and south of Monkey Mia. Surveys within Shark Bay into other
possible occurrences of soldier crabs outside of the Monkey Mia location, involving 67
additional habitat-specific sites, failed to find the species, though locally there were appropriate

195

tidally-exposed sand flats and sand shoals. Much of Shark Bay is too strongly wave agitated to
support soldier crabs. For instance, the east coasts of Hopeless Reach, Disappointment Reach,
and Freycinet Reach are subject to strong southerly winds (Logan & Cebulski 1970) and their
derivative wind waves. The southerly derived wind waves intersect the NNW-trending coasts
of Hopeless Reach, Disappointment Reach, and Freycinet Reach, developing active northtrending spits, emanating from promontories. Sediment along the seaward margins of the spits
is too mobile and too coarse for soldier crabs. Sheltered environments leeward of the spits tend
to be muddy (with mud derived from the nearby seagrass banks; cf. Davies 1970). In this
context, of particular significance is the absence of soldier crabs along the east coast of
Hopeless Reach south of Gascoyne Flats (Transect Site 24 of this study): soldier crabs occur
along the Gascoyne Flats on the northern side of the Boodalia Delta, a location that is sheltered
from southerly winds and wind waves by the protruding lobe of this Pleistocene delta (Logan
1974; Johnson 1982), but not along the remainder of the eastern coast of Hopeless Reach
southwards. Elsewhere in Shark Bay, currents and wave action have resulted in many of the
tidal flats, where soldier crabs might be expected, being winnowed to form shell pavements. In
other locations in Shark Bay, low gradient, poorly draining tidal flats (i.e., without shoal-anddepression systems) are too water-saturated (too wet) at low tide (i.e., groundwater at low tide
is at the sediment surface), and unsuitable for soldier crabs. Towards the southern parts of the
Shark Bay system, the open waters become progressively more saline, particularly in Hamelin
Pool where they are hypersaline (Logan & Cebulski 1970; Hagan & Logan 1974a; Read 1974).
The trend in increasing salinity is augmented further in the shallow waters and tidal zone of the
southern Shark Bay inlets, and reflected in the occurrence of algal mats and breccia pavements
in the environments where soldier crabs might have been expected.

Surveys outside of Shark Bay into possible occurrences of soldier crabs failed to find the
species, though locally there were appropriate tidally-exposed sand flats and sand shoals.
Critical areas were the sand flats and sand shoals within the estuary of the Murchison River at
Kalbarri, the sand flats at Geraldton (latitudinally opposite Houtman Abrolhos), and the island
margins and embayments in the Houtman Abrolhos. M. occidentalis was not found on the tidal
sand flats and sand shoals in the Murchison River estuary, nor at Geraldton.

The margins of the islands in the Houtman Abrolhos were dominated by limestone cliffs,
limestone pavements, coral-gravel shores, or high-energy, pocket sandy beaches, all of which
are not soldier crab habitats. Most of the relatively low energy mangrove-lined embayments in
the reef-and-island complex were underlain by limestone pavement, sand veneer on limestone
pavement, or coral gravel; these also were not soldier crab habitats. The most sheltered sites,

196

locally lined by mangroves at MSL, and that were underlain by tidally-exposed sand flats, were
inhabited by dense populations of sand-tube worms. Thus, most of the twenty-four sites
examined as the most likely location for M. occidentalis (sites HA-1 to HA-24 in Appendix 1)
were not soldier crab habitats, and the species did not occur on any of the tidally-exposed,
sheltered sand flats examined in the reef-and-island complex. Dakin (1919) and Montgomery
(1931) in their extensive surveys and studies of marine fauna of the Houtman Abrolhos also did
not record Mictyris in the islands.

Within the biogeographic range of M. occidentalis, where soldier crabs do occur along the
coast (Fig. 5-8), they are in embayments, along sandy tidal-creek banks, within lagoons within
the strand plain of deltas, within lagoons behind barriers (be they high-relief or low-relief), in
the indented coasts of ria/archipelago systems, along sandy beach coasts where local factors
combine to provide relative shelter, and along sandy coasts that are low-gradient and energydissipative. Figure 5-8, in presenting information on the occurrence or absence of soldier crabs,
provides an indication of the patchy extent along the coast and the type of habitat settings that
M. occidentalis can occupy. The aerial photographic insets are of locations where the species
was found in this study, and illustrate the variety of coastal settings in which habitats occur,
though not all the sites form the basis for the detailed twenty-five study transects. The range of
features evident in the photographic insets of Figure 5-8 for the various coastal sectors of northwestern Australia is described in Table 5-5.

The various settings for all known occurrences of soldier crabs recorded thus far in Western
Australia, based on this study and Western Australian Museum records, as shown in Figure 5-8
are briefly described in Table 5-6. More specific features for some of the habitats are described
in the twenty-five transects at the specific study sites Tables 5-7 and 5-8.

Figure 5-8 and Appendix 1 show that the coast between One Arm Point and the Monkey Mia
area provides a variety of discrete and discontinuous occurrences of soldier crab habitats and
soldier crab populations. They also show that there are extensive tracts where soldier crab
habitats are absent - this is because cliffed (rocky) shores, or the high-energy beach/dune shores
dominate the coast.
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Table 5-5: Description of aerial photographic insets as shown in Figure 5-8 A-L
Inset
Figure 5-8A

Habitat illustrated
soldier crab habitat along the Canning Coast at Coconut Well in a
tidal lagoon protected by a sand barrier

Figure 5-8B

soldier crab habitat along the Canning Coast at Port Smith in a tidalcreek complex behind a limestone barrier

Figure 5-8C

soldier crab habitat along the Canning Coast at Mandora in a shoreparallel, tidal-creek system sheltered by a sand barrier

Figure 5-8D

soldier crab habitats at the base of a reflective beach (the eastern site),
and within a dissipative shore (the western site), both sheltered by a
Pleistocene limestone ridge, near Port Hedland along the Pilbara
Coast

Figure 5-8E

soldier crab habitat in a shoal complex within an embayment partially
sheltered by Precambrian rock ridges, near Cossack along the Pilbara
Coast

Figure 5-8F

soldier crab habitats in the sheltered re-entrant of Hearsons Cove,
protected by Precambrian rock ridges; the soldier crab habitats occur
in a shoal complex on a dissipative sandy shore, and on a high-tidal,
sandy alluvial fan

Figure 5-8G

soldier crab habitat at Withnell Bay in a deeply indented embayment
sheltered by Precambrian rock ridges, the length of the embayment
being a dissipative slope

Figure 5-8H

soldier crab habitat along the axis of a tidal creek near Onslow along
the Pilbara Coast; the open coast is a high-energy sandy shore

Figure 5-8I

soldier crab habitat on the low-tidal sand flats in the interior of a Vshaped embayment bordered and partly sheltered by limestone ridges
in the Little Bay of Rest, southern Exmouth Gulf

Figure 5-8J

soldier crab habitat along a tidal-creek bank on the strand plain of the
Gascoyne Delta; the open barrier coast is high energy

Figure 5-8K

soldier crab habitat developed along the upper tidal zone of the
Gascoyne Flats of the Wooramel Seagrass Bank, north-eastern Shark
Bay; the shore is protected from Indian Ocean swell by Dorre Island
and, locally, the seagrass bank has dampened wave action

Figure 5-8L

soldier crab habitat developed along a sandy shore at Monkey Mia;
the site is a sand-floored lagoon, partly protected by a large, seagrassvegetated submarine spit, partly sheltered by the dampening of wave
action by seagrass meadows, and protected by a local recurved
shoreline spit
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Figure 5-8. Sampling sites in Western Australia, absence or presence of soldier crabs, and
location of aerial photographic insets. Description of insets A-L is provided in the text. The
latitude/longitude co-ordinates of the 306 sites are presented in Appendix 1. However, the
recorded occurrences of soldier crabs along the coast are clearly evident as indicated by the
yellow- or red-coloured circles with black centres.
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Table 5-6: Occurrences of M. occidentalis along the Western Australian coast based on the
1980-2008 surveys (this study) and Western Australian Museum (WAM) records
(geographic locations shown in Fig. 5-2). * indicates that the location is one of the twentyfive transect study sites of this chapter.

Site

Source

Description of site(s)

One Arm Point

WAM

sand shoals at ~ LWN

Lombadina

WAM

sand shoals at ~ LWN in embayment

Beagle Bay

this study

sand shoals in axis of tidal creek at ~ LWN

Camp Inlet

this study

sand shoals in axis of tidal creek at ~ LWN

Barred Creek

WAM

sand shoals in axis of tidal creek at ~ LWN

Willie Creek area

this study

(1) sand shoals of ebb tidal delta at ~ MLWNMSL;
(2) partly barred lagoon at ~ LWN;
(3) a shoal-and-depression complex between
MSL and ~ LWN

Coconut Well *

this study

(1) tidal lagoon at MHWS;
(2) ~ HAT margin of dune

junction of Gantheaume
Point with southernmost
Cable Beach

this study

sand flat between MSL and MLWN leeward of
rocky reefs

Entrance Point *

this study

sandy beach between MSL and MLWN
between two rocky peninsula

north of Broome Port

this study

sand flats between MHWN and MLWN
seaward of mangrove copses and in sand
patches between mangrove copses

Broome Town foreshore *

WAM/this
study

MHWS sand flat landward of mangroves

Black Ledge

this study

pockets of sand ~ MSL between outcrops of
sandstone

Thangoo

this study

sand flat ~ MSL, seaward edge
immediately seaward of mangroves

and

Thangoo south

this study

sand flat ~ MSL, seaward edge
immediately seaward of mangroves

and

Port Smith

this study

sand flat between MSL and MLWN in axis of
tidal creek

Cowan Creek (NE)

this study

sand flat between MSL and MLWN
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Site

Source

Description of site(s)

Mandora

this study

sand shoals MSL-MLWN in tidal creek behind
sand barrier

Eighty Mile Beach

this study

sand flat between MSL and MLWN

De Grey River Delta

this study

sand shoals MSL-MLWN in sheltered mouth of
delta

Nine-mile Creek *

this study

sand flat at MHWS within mangroves

Six-mile Creek East *

this study

base of beach slope at ~ MSL

Six-mile Creek West *

this study

sand flat at MSL-MLWN

Mundabullungana

WAM

sand shoals in axis and mouth of large tidal
creek

Cape Keraudren area

this study

(1) sand flat at MSL-MLWN; mid-channel
creek shoals of Cootenbrand Creek at ~
MHWN;
(2) sand floor of fringing mangrove copse
between MSL and MHWN; and
(3) sandy bank of Mosquito Creek at MHWN

Red Bluff, northeast of
Pardoo

this study

sand flat and beach at MSL-MLWN

Cossack (East) *

this study

sand flats at MSL-MLWN

Settlers Beach *

this study

base of beach slope at ~ MSL and sand shoals
MSL-MLWN

Point Samson *

this study

base of beach slope at ~ MSL and sand shoals
MSL-MLWN

Mko Bay [sic]

WAM

sand shoals in axis of dune-barred tidal creek

Hearsons Cove area*

this study

(1) sand shoals at MSL-MLWN;
(2) alluvial fan at MHWS

Nickol River

this study

sand shoals at MSL-MLWN at entrance to
Nickol River

Conzinc Bay *

this study

sand flat at MSL-MLWN

Withnell Bay *

this study

sand flat at MSL-MLWN

West Lewis Island

WAM

sand flat at MSL-MLWN

Tozer Island

WAM

sand flat at MSL-MLWN

King Bay area *

this study

(1) sand flat and shoals at MSL-MLWN;
(2) shoal in axis of tidal creek

Maitland River Delta

this study

sand flats ~ MSL in lagoon on delta front

Onslow *

this study

mid-tidal sandy bank of tidal creek
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Site

Source

Description of site(s)

Simpson Island NE

this study

sand flat leeward of island at MSL-MLWN

Simpson Island SE

WAM

sand flat in axis of tidal creek complex

Bay of Rest

WAM/this
study

sand shoals in protected embayment, MSLMLWN

Little Bay of Rest

this study

sand shoals in protected embayment, MSLMLWN

Mangrove Bay *

this study

base of beach slope at ~ MSL in protected
embayment

One Tree Point *

this study

point bar on tidal creek on strand plain

Babbage Island area *

this study

(1) point bar on tidal creek,
(2) sand flat of tidal lagoon on strand plain

The Fascine, Gascoyne
Delta

this study

sand shoals ~ MSL within delta channel

Mangrove Point, Gascoyne
Delta

this study

sand flat ~ MSL within and immediately
seaward of mangroves

Gascoyne Flats, NW Shark
Bay *

this study

mid-tidal edge of seagrass-vegetated flat
(Wooramel Seagrass Bank)

Cape Rose, Shark Bay

this study

mid-tidal sand flat in a shoal-and-depression
complex

Red Cliff, Shark Bay

this study

mid-tidal sand flat in a shoal-and-depression
complex

Monkey Mia, Shark Bay *

WAM/this
study

mid-tidal sand flat behind shoreline spit,
sheltered by a submarine spit

south of Monkey Mia,
Shark Bay

this study

mid-tidal sand flat in a shoal-and-depression
complex

north of Dubaut Creek,
Shark Bay

this study

mid-tidal sand flat in a shoal-and-depression
complex
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The cliff coast along the western margin of Edel Land (Logan et al. 1970) is the best example
of cliffed (rocky) shores. The coast of Edel Land is latitudinally and climatically equivalent to
the Monkey Mia area (where soldier crabs do occur), but comprises Quaternary limestone, and
without offshore reefs, it is subject to swell and wind waves. The coast is strongly eroded,
resulting in high cliffs. To the south, the Zuytdorp Cliffs and the limestone cliffs and pocket
beaches extending to the cliff coast of Kalbarri (i.e., Red Bluff), present another tract of coast
that is wave-dominated with high-cliffs which would not develop soldier crab habitats.
Proceeding northwards from Monkey Mia, the coast between Point Quobba and Vlamingh
Head, cut into Tertiary limestones and Quaternary limestones, is similar geomorphically to Edel
Land and the Zuytdorp Cliffs, but while comprised dominantly of cliffs, there are local ribbons
of shoreline sand. Wave energy is still too high for soldier crab habitats. Along the northern
part of the Canning Coast, leaving aside small sheltered embayments such as Willie Creek and
Coconut Well, the west coast of the Dampier Peninsula, between Broome and Cape Leveque, is
a wave-dominated, cliffed rocky shore, cut into Mesozoic and Quaternary rocks, semi-indurated
dunes, and stretches of high-energy beaches (Gibson 1983a, 1983b; Semeniuk 2008) - soldier
crab habitats are not developed.

Along all these tracts of extensive cliff coasts, there may be very localised small pocket
beaches, embayments, or ravine re-entrants (e.g., Yardie Creek on the west coast of North West
Cape) where soldier crabs potentially may occur, but generally the coastal tracts are too highenergy and too rocky to favour development of such habitats. For instance, of thirty sites along
the eastern and western sides of North West Cape, soldier crabs were found only at five very
protected embayments within the region.

Hence, in the dominantly rocky tracts between Red Bluff (Kalbarri) and Vlamingh Head, and
the west coast of the Dampier Peninsula, the rocky shores, or the high energy conditions are
laterally extensive along the coast, and there is a general absence of soldier crabs.

The Pilbara Coast presents a somewhat different situation for rocky shores and cliff coasts to
that described above, in that the coastal tract is relatively more heterogeneous at the megascale,
mesoscale, and microscale (Semeniuk et al. 1982; Semeniuk 1985; Semeniuk & Wurm 1987;
Semeniuk 1996), and the high-energy coastal forms are not as laterally extensive as described
above. The megascale coastal types such as deltas, beach/dune coasts, embayment coasts,
ria/archipelago coasts, and limestone barriers alternate in occurrence in this region. Within
these, there is a range of smaller-scale coastal forms, from rocky shores, to wave-dominated
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sandy coasts, to sheltered embayments, that occur in discrete localised areas (Semeniuk 1996).
Thus there are stretches of rocky shores and cliff coasts along the Pilbara Coast (e.g., along the
seaward edge of limestone barrier coasts, and along rocky shore tracts of ria/archipelago coasts)
and, although of high energy, they are of relative low relief compared to the wave-dominated
cliff coasts described earlier.

Nonetheless, as wave-dominated rocky coasts, they do not

provide soldier crab habitats. On the other hand, the localised embayments, lagoons, or tidal
creeks developed in relative shelter, do provide soldier crab habitats. Hence, soldier crab
habitats and soldier crab-free zones occur in patches along the Pilbara Coast corresponding to
sheltered zones alternating with (strongly) wave-exposed zones.

The open coast of the Gascoyne Delta, beach/dune coasts along the Onslow tract, the sea-front
of many of the wave-dominated deltas of the Pilbara Coast, and local tracts of the Canning
Coast are good examples of the effects of high wave energy along sandy coasts. The Gascoyne
Delta is wave-dominated (Galloway W. E. 1975; Coleman 1976; Reineck & Singh 1980;
Johnson 1982), receiving swell and wind waves. The front of the delta is dominated by mobile,
rippled and megarippled sand (Johnson 1982), and there are no soldier crabs in the tidal zone.
Soldier crabs do occur in the Gascoyne Delta but in the tidal lagoons and creeks that are
sheltered by barrier dunes or barrier beach ridges that frame the seafront and interior of the
stranded interior of the delta. The beach/dune shores and the sea-front of the wave-dominated
deltas of the Pilbara Coast, exemplified by the Onslow tract and Ashburton Delta, are further
examples of wave-dominated systems, which are too high-energy, and the sand too mobile for
the development of soldier crab habitats. This is a similar situation for tracts of the Canning
Coast (Semeniuk 2008): local beaches such as at Shoonta Hill, Cape Bossut, in the Cape
Gourdon area, and Cable Beach are exposed high-energy, wave-dominated forms, hence soldier
crab habitats are not developed on such coasts.
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5.10.2 Transect study sites
The local habitat settings for M. occidentalis are described in geographical order from north to
south in Table 5-7 for the twenty-five transect sites in terms of coastal setting, wave-energy, the
habitat (geomorphic unit), the tidal level at which the crabs occur, the frequency of tidal
flooding that the habitat experiences, the extent of the soldier crab zone, any key surrounding
microtopography or other features, and, if applicable, descriptions of the underlying factors that
support the soldier crab habitats.

The information in Table 5-7 shows that M. occidentalis can inhabit many different tidal
environments, in a wide variety of tidal ranges (from microtidal to extremely macrotidal). In
terms of habitats, they occupy varying tidal levels and habitat types: along open, relatively lowenergy beaches with low gradients, on low-tidal sand flats, on low-tidal sand flats dominated by
low-relief shoals, on sand waves, on high-tidal sand flats, on sandy banks of tidal creeks, along
the margins of dunes where inundated by high tide (and where there is fresh-water seepage),
within barred high-tidal, sand-floored lagoons, within those mangrove zones with sand
substrates, behind mangrove zones on high-tidal sand flats, and across the sandy strand plains
of deltas. The frequency of tidal flooding of their habitats can range from 3.8% to 67%.

In terms of habitats along the Western Australian coast, there are ten small- to medium-scale
geomorphic units that function as soldier crab habitats and, in order of abundance, these are: 1.
shore-parallel, mid- to low-tidal sand shoals and, less commonly, shore-normal, mid- to lowtidal sand shoals; 2. low topographic depression leeward of a shoal or bar; 3. mid- to low-tidal
sand flats on tidal flats; 4. tidal-creek, mid-channel shoals; 5. tidal-creek banks; 6. high-tidal
sand flats; 7. tidal-creek, ebb-tidal delta shoals; 8. tidal-creek point bars; 9. mid-tidal base of
beach slope; and 10. high-tidal dune slope. Tidal creeks were the most heterogeneous habitat
sites in having more smaller-scale geomorphic units that provide soldier crab habitat.
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Table 5-7: Description of the twenty-five study sites including coastal setting, wave-energy, geomorphic unit, tidal level and extent of soldier crab
habitat, surface gradient, and microtopography if applicable
Site 1 at Coconut Well borders the margin of a dune that forms the eastern margin of a barred tidal lagoon, sheltered from oceanic wave action by a sand barrier. The
open coast is too high energy for soldier crabs. The soldier crab habitat is located ~ 1 m below HAT, and receives fresh-water seepage from the adjacent dunes; soldier
crabs in medium abundance occupy a band circa 2 m wide and 20 m long amongst scattered, stunted mangroves (Avicennia marina, Ceriops tagal and Aegialitis
annulata) and sea couch (Sporobolus virginicus).
Site 2 at Coconut Well is within the same barred tidal lagoon as Site 1. The lagoon is dominated by flood- and ebb-tidal currents that have formed low-relief sand
shoals, and shallowly-incised tidal creeks. While occurring locally across the lagoon floor, soldier crabs tend to be dominantly along the margins of the shallowlyincised tidal creeks, generally occupying a narrow band approximately 1 m wide and 30 m long along the banks of the tidal creek; they also occur on the crest of sand
shoals. The lagoon floor is moist enough and of low enough salinity in terms of groundwater and pellicular water for soldier crabs to inhabit because sand bars at the
mouth of the barred lagoon retard tidal water and groundwater discharge.
Site 3 at Entrance Point is a wave-dominated, mid- to low-tidal beach fronting a rocky shore. Numerous stacks and outcrops of Mesozoic rock occur on the beach,
providing local sites of relative shelter. Soldier crabs occur at approximately mid-tidal level, occurring in patches determined by local shelter of the rocky stacks and
outcrops. The extent of the soldier crab zone is 10 m laterally and 2 m seaward.
Site 4 adjoining Broome town is a high-tidal, sandy spit-and-shoal area landward of the mangroves that front a cliff cut in semi-indurated red dune sand. The habitat is
a relatively low-energy wave environment. Seawater seepage and fresh-water seepage maintain moisture levels in the sand, and maintain a relatively low groundwater
and pellicular water salinity. Soldier crabs occur at approximately high spring tide level on the high-tidal flat in an area 20 m wide.
Site 5 at Nine-mile Creek is a sandy high-tidal flat adjoining a tidal creek in a limestone barrier coastal setting. The site is located well within the headwaters of a tidal
creek, and behind and within mangrove shrubland, a setting which provides shelter from swell and wind waves; as such it is a relatively low-energy wave environment.
Soldier crabs occur at approximately high neap tide level on the sandy tidal flat, occurring in patches in an area 20 m wide and extending 50 m seaward.
Site 6 at Six-mile Creek East is the base of the beach slope, at the interface between a moderately sloping beach surface and a low-gradient tidal flat, the latter sparsely
populated with mangrove trees and shrubs and underlain by sand, muddy sand, mud, and limestone (pavement). The site is regionally protected from swell and wind
waves by a Pleistocene limestone ridge to the north at the edge of the tidal flat. Soldier crabs occur mainly at the base of the beach slope and partly into the adjoining
low-tidal sand flat, either on bare sand or sparsely among Avicennia pneumatophores. Seepage from the beach face, discharging along the shallow buried limestone
pavement, maintains the moisture and salinity of the soldier crab habitat. At the base of the beach slope the soldier crab zone is 4 m long by 2 m wide.
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Site 7 at Six-mile Creek West is a sandy tidal flat composed of sand flats and low sand shoals. As with Site 6, the location is regionally protected from swell and wind
waves by a Pleistocene limestone ridge, and as such, the wave-energy is low to moderate. Soldier crabs occur mainly along the edge of a shore-normal, broad, linear,
low-relief sand shoal at the mid-high tidal level. The soldier crab zone extends 20 m along the shoal edge and is 1 m wide.
Site 8 at Cossack East is a laterally-extensive beach shore developed along the margin of Butchers Inlet. Wave-energy is relatively low as the site is sheltered by a
rocky headland to the north, and by its location in the interior of a large tidal creek. Soldier crabs occur on the mid-tidal sand slope adjoining the creek bank.
Site 9 at Settlers Beach is a laterally-extensive beach shore developed seaward of an emerged spit and dune along a ria coast. The site is regionally protected from
swell and wind waves by peninsulas of rock. The shore is a moderately-sloping beach face, bordered by a low tidal flat composed of low-relief sand shoals (a shoal
complex). Soldier crabs occur at two locations: (1) in a zone along the lower slope of the beach face, extending to the base of the slope (20 m lateral extent and 5 m
wide seaward); and (2) on the series of shoals extending laterally along the beach for 200 m and seaward for 80 m.
Site 10 at Point Samson is another extensive beach shore developed seaward of an emerged spit and dune along a ria coast. The site is regionally protected from swell
and wind waves by peninsulas of rock and Pleistocene limestone. The shore is a moderately sloping beach face, bordered by a low tidal flat composed of low-relief
sand shoals (a shoal complex). The low-relief, shore-parallel, mid-tidal sand shoals form the soldier crab habitat. Soldier crabs occur in a 20 m x 20 m area within the
shoals.
Site 11 at Hearsons Cove, is a high-tidal alluvial fan underlain by sand and gravelly sand. It is located landward of mangrove heath and open heath within a broad
embayment in a ria coast. Occurring in the most sheltered part of Hearsons Cove, the site is regionally protected from swell and wind waves both by its location in the
northern part of the Cove, and by the shelter afforded by the mangroves. There is fresh-water seepage from the alluvial fan, which has maintained moisture levels and
salinity levels sufficient to support soldier crabs. Soldier crabs occur in a 10 m x 10 m area amongst the mangrove shrubland, but also in a fringe along the landward
edge of the mangrove.
Site 12 at Hearsons Cove, is a mid-tidal sand shoal occurring seaward of mangroves. It is in a low wave-energy environment at the northern sheltered part of the Cove
adjoining where mud begins to accumulate. Soldier crabs occur on mid-tidal, low-relief, shore-parallel sand shoals seaward of the mud deposits. The soldier crab zone
extends 20 m seaward and is 5-10 m wide.
Site 13 at Hearsons Cove, is located on a shoal complex that comprises a wave-energy-dissipative, low-gradient shore that adjoins a moderately-sloping, reflective
beach. Located in the relatively sheltered central-northern part of the Cove, as with the other sites in Hearsons Cove, this site is a low wave-energy environment. At the
base of the adjoining beach slope, there is seawater seepage which, through lateral seepage and ponding by the shoals, maintains moisture levels and salinity levels for
the soldier crab habitat. Soldier crabs preferentially inhabit the margins of the shoals, forming zones tens of metres long and ~2 m wide, but also inhabit the crest of the
shoal in lower density. Microtopographic features on the shoal include mounds (or hummocks) and depressions (with relative relief of 20 cm, respectively).
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Site 14 at Withnell Bay, an embayment sheltered from swell and wind waves by its length, its narrow entrance, and its shelving (wave-energy-dissipative) sedimentary
floor along the length of the embayment. The soldier crab habitat is located deep into the head of the embayment on a sand flat at the base of a slope cut into the
seaward edge of mangroves. Seepage of seawater from the base of this slope maintains moisture levels and salinity levels for the soldier crab habitat. The soldier crab
habitat is extensive, covering approximately a thousand square metres.
Sites 15 and 16 at King Bay are in a broad embayment within a ria coast in a low wave-energy setting. The habitats are regionally sheltered from swell and wind
waves by their location deep within King Bay, and by the low-gradient, wave-energy-dissipative seafloor sloping from subtidal to intertidal. For these two sites, at the
local scale, the habitats are locally protected by (ebb-tidal delta) shoals of 0.5-1.0 m relative relief (developed at the mouth of a tidal creek) that support copses of
mangroves; the sites are leeward of mangrove-vegetated parts of the shoals; mid- to low-tidal sand flats surround the shoals. Soldier crabs occur on the margins of the
shoals, and to a limited extent, on the adjacent tidal flat to approximately levels of the high tide neap tide. The soldier crab zone is extensive, covering tens of
thousands of square metres. Microtopographic features on the tidal flat include mounds (or hummocks) and depressions (with relative relief of 20 cm, respectively).
Within the mound-and-depression microtopography, soldier crabs preferentially inhabit the margins of the low-relief hummocks and avoid the often water-filled
depressions.
Site 17 at King Bay, is in the same geomorphic and oceanographic setting as Sites 15 and 16. The soldier crab habitat is located on the top of a sand bar, parallel to
the front of mangroves further into the embayment, and therefore of lower wave energy than Sites 15 and 16. The bar, some 50 cm high, 20-30 m wide, and ~ 75 m
long, is emergent above the surrounding muddy sand tidal flat.
Site 18 is a shoal complex near the mouth of a tidal creek within King Bay. The creek is in the same geomorphic and oceanographic setting as Sites 15 and 16, but
more protected because of its location in the axis of the creek. Low-relief sand shoals, 5-10 m wide and 30-50 cm high, dominate the centre of the tidal creek; the
soldier crab habitat is located on the top of the shoals.
Site 19 is along the bank of a tidal-creek near Onslow in a limestone barrier and beach/dune shore complex. The habitat is developed at ~ MSL alongside, behind and
within mangroves that fringe the creek bank. While the open coast is wave-dominated, the axis of the creek affords protection, and the soldier crab habitat receives low
wave-energy. The soldier crab zone located at ~ MSL is 4 m wide and extends laterally along the creek bank for 10 m.
Site 20 at Mangrove Bay, northern North West Cape, is a pocket beach that adjoins a fringe of shoreline mangroves. While the open coast is wave-dominated, the
pocket beach is protected from swell and wind waves by the Ningaloo Reef, by a near-shore spit complex, and by a wide wave-energy-dissipative, low tidal flat. The
beach shore is a narrow reflective beach, has a relatively high gradient, and sharply adjoins the wide, wave-energy-dissipative low tidal flat. Seepage of seawater from
the beach face, discharging along a shallow, buried muddy-sand layer, maintains the moisture and salinity of the soldier crab habitat. The soldier crab habitat is
developed at ~ MSL at the base of the beach slope, alongside and partly into mangroves that fringe the shore. The soldier crab zone is < 1 m wide, and extends laterally
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along the beach for 10 m.

Sites 21 and 22, at One Tree Point and East Babbage Island, are tidal creeks within the Gascoyne River Delta complex. The habitats are on the delta strand plain, fully
sheltered from regional swell and wind waves by low-relief dune barriers and beach ridges. Wave energy is low and the soldier crabs inhabit the tidal-creek banks and
a point bar shoal at the mid- to high-tide level. In the East Babbage Island location the soldier crabs are partly on bare sand and partly amongst pneumatophores
associated with scattered, stunted mangrove shrubs. Both tidal-creek banks, being of moderate slope, have high internal drainage, and so the soldier crab zone is
relatively narrow. The soldier crab zone has a lateral extent of 10 m and a width of 2 m at One Tree Point, and 5 m long and 0.5 m wide at East Babbage Island.
Site 23 at West Babbage Island is within a tidal lagoon within the Gascoyne River Delta strand plain. Being on the strand plain, the habitat is fully sheltered from
regional swell and wind waves by low-relief dune barriers and beach ridges, and hence wave energy is low. The soldier crabs inhabit the mid-tidal to low-tidal level of
the lagoon. The soldier crab zone has a lateral extent of 10 m and a width of 2 m. Surface gradient is low.
Site 24 at Gascoyne Flats, is the tidally-exposed part of a spit and mangrove shore that forms the edge of the Gascoyne Flats (a seagrass complex that is the northeastern part of the Wooramel Seagrass Bank of Shark Bay). The habitat is sheltered from regional swell by the limestone barriers of Edel Land and Dorre Island, and
semi-protected from wind waves by the buffering and dampening effect of the seagrass meadows seaward of the site, hence wave energy is relatively low. Soldier crab
habitats are developed on small pocket (tidal) beaches whose surface gradient is low; these beaches occur between copses of mangroves. The extent of the soldier crab
zone is a ribbon 20 m long and extending 5 m seaward. The sediment surface is smooth except for lines of seawrack.
Site 25 at Monkey Mia is on a spit shore of the metahaline middle part of a seagrass bank in Shark Bay. The habitat is fully sheltered from regional swell by the
limestone barriers of Peron Peninsula, Edel Land and Dorre Island, and semi-protected from wind waves by the buffering and dampening effect of a large, seagrassvegetated, submarine spit located seaward of the site, hence wave-energy is relatively low. Soldier crabs occur on a broad, low-relief, mid-tidal sand shoal landward of
the spit. The habitat is 20 m wide and extends 27 m seaward. The shoal surface is rippled with low, broad sand ripples (1-2 cm high and 5-10 cm wide).
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While the majority of localities had only one type of local-scale geomorphic unit (or habitat)
supporting the soldier crab, some had a variety of habitats. Hearsons Cove and King Bay, with
Sites 11, 12 and 13, and sites 14, 15, 16 and 17, respectively, were the most habitat-diverse
areas with two small-scale habitats in Hearsons Cove (high-tidal alluvial fan and low-tidal
shoals), and three small-scale habitats in King Bay (tidal-creek shoals, ebb-tidal delta shoals,
mid- to low-tidal shoals). Several of the sites studied along the study transects had soldier
crabs occurring on two to three different habitat units within the local area (viz., Coconut Well,
Hearsons Cove, the Gascoyne Delta, and the Six-mile Creek area). While not part of the
detailed study sites, similar to Hearsons Cove and King Bay, the Willie Creek area, north of
Broome, illustrates habitat diversity, with soldier crab habitats developed on shoals of an ebb
tidal delta, on sand flats and shoals within a tidal lagoon, and within a shoal complex on the
open coast.

However, a relatively uniform, small-scale geomorphic unit functioning as a habitat does not
necessarily mean that the distribution of soldier crabs is always continuous across the entire
unit. In certain locations, and at different times, the crabs may be restricted to a specific section
of the unit, as for example, shoal margins, or to a particular level of the tidal-creek bank, or
even to micro-topographic features on a tidal flat (such as mounds, or hummocks, or sand
ripples; see section on microtopography).

More detailed information and data for each of the soldier crab habitats located at the twentyfive study sites are presented in Tables 5-8 and 5-9 in terms of the abundance of the soldier
crabs (as numerical and ranked data) during July 2004, together with key abiotic factors in the
soldier crab habitat, viz., gradient of shore, salinity of the open marine waters or tidal creek
adjoining the soldier crab habitat, salinity of the tidal-flat groundwater, salinity of the pellicular
water, sediment moisture content at low tide, sediment grain size, sediment composition (% of
silicic grains, calcium carbonate grains, and organic carbon), % mud content, and % organic
matter in the < 63 µm fraction, and (for Table 5-9) tidal level and frequency of flooding. These
data can be used to characterise the soldier crab habitats sedimentologically, hydrologically,
hydrochemically (salinity), and biochemically (organic matter).

Table 5-8 shows several patterns. For the replicate samples collected for many parameters,
there is a relative consistency in value. For instance, at the smallest scale, the scale at which
the soldier crab survives and goes about its diurnal tasks, there is a relative consistency during a
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low tide within a site and across the region of salinity of tidal-flat groundwater, salinity of
pellicular water, and sediment moisture content. Aspects of the information and data in Table
5-8 such as abundance, salinity, sediment, etc., are described below.

The abundance of soldier crabs across their biogeographic range for the different sites exhibited
no regional pattern (Table 5-8 and Fig. 5-9), i.e., no increase or decrease in general abundance
at the habitats sampled in relation to climate trends or tidal range trends. This suggests that
local habitat factors have a greater influence on population abundance.

The salinity of open ocean waters and tidal-creek waters that deliver water to tidal flats to
replenish their groundwater and pellicular water in the soldier crab habitat ranges from 31 to 38
ppt, the highest salinity being at Monkey Mia where salinity of open waters generally are
elevated (Logan & Cebulski 1970). Open waters also are slightly elevated in salinity where
tidal creeks have drained salt flats and delivered saline waters to the sea (e.g., Sites 5, 6 & 7, at
Port Hedland). Generally, the open waters tend to be normal oceanic salinity (~ 35 ppt) at most
other sites. Groundwater salinity and pellicular water salinity in the soldier crab habitat are
generally 31 to 45 ppt, and ~ 27 to 44 ppt respectively, depending on the level of the soldier
crab habitat relative to MSL, and whether there is seepage maintaining the groundwater which
may dilute its salinity to 27 ppt. Sediment moisture content at low tide generally is 16-39%.
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Table 5-8: Population abundance and details of abiotic environmental parameters for the soldier crab habitats at the twenty-five regional study sites (x ± σ; na = not
applicable)
Factor
Abundance (no. of
crabs/m2 x ± σ, and
ranked abundance)
Slope gradient

Site 1
10 ± 0.1
low

Site 2
102 ± 58
medium

Site 3
32 ± 41
low

Site 4
93 ± 67
low

Site 5
9±1
low

Site 6
10 ± 0.1
low

Site 7
10 ± 0.3
low

Site 8
27 ± 9
low

Site 9
275 ± 126
medium

Site 10
589 ± 87
high

Site 11
176 ± 52
medium

Site 12
134 ± 100
medium

Site 13
18 ± 19
low

1:5
high

1:100
low

1:50
low

1:40
low

1:130
low

1:120
low

1:250
low

1:25
medium

1:70
low

1:100
low

1:50
low

1:50
low

1:500
low

Ocean or tidal creek
salinity (ppt); creek
salinity in [ ]
Seepage salinity (ppt)

35.6 ± 0.2
[33.8 ± 0.1]

35.6 ± 0.2
[33.8 ± 0.1]

35.6 ± 01

35.6 ± 0.2

[36.7 ± 0.2]

36.9 ± 0.1 *

36.9 ± 0.1
*

35.6 ± 0.2

34.6 ± 0.2

33.9 ± 0.2

35.8 ± 0.1
*

35.8 ± 0.1
*

35.8 ± 0.1
*

27.1 ± 0.3

na

33.5 ± 0.2

31.1 ± 0.1

na

37.3 ± 0.4

na

na

na

na

na

na

Na

Groundwater salinity
(ppt)
Pellicular water
salinity (ppt)
Sediment moisture
(%)
Sediment modal grain
size (µm)
Sediment siliciclastic
content (%)
Sediment CaCO3
content (% )
Sediment organic
carbon content (%)
Sediment mud content
(%)
Organic matter in mud
(%)
Sediment type

42.2 ± 0.2

39.9 ± 4.3

35.0 ± 0.1

39.5 ± 0.3

44.5 ± 0.2

38.5 ± 0.1

38.6 ± 0.1

42.1 ± 0.5

39.0 ± 1.4

34.7 ± 0.1

43.9 ± 0.1

38.9 ± 0.4

37.0 ± 0.3

31.0 ± 3.7

42.3 ± 1.4

41.7 ± 0.4

37.8 ± 1.0

43.0 ± 2.1

37.2 ± 1.2

44.2 ± 1.0

38.5 ± 0.5

37.1 ± 6.1

34.1 ± 3.3

41.8 ± 4.0

31.8 ± 3.1

33.2 ± 1.4

20.1 ± 0.4

19.5 ± 3.5

18.2 ± 2.1

16.0 ± 0.3

21.7 ± 0.6

15.7 ± 4.7

23.2 ± 0.5

20.0 ± 0.5

23.5 ± 1.9

38.9 ± 4.6

27.1 ± 2.0

31.9 ± 2.5

125

125

125

125

125

125

125

125

125

125

250

250

29.5 ± 0.3

29.4 ± 0.4

90.8 ± 2.2

93.1 ± 0.5

85.4 ± 0.2

77.6 ± 6.4

21.2 ±
0.9
500
250
77.3 ± 4.0

79.5 ± 0.5

81.5 ± 1.2

75.1 ± 1.0

17.6 ± 1.6

17.6 ± 2.5

18.1 ± 0.7

68.0 ± 0.3

68.8 ± 0.6

8.6 ± 2.1

6.4 ± 0.5

13.0 ± 0.5

21.1 ± 6.1

21.3 ± 4.4

19.0 ± 0.8

17.1 ± 1.2

22.7 ± 1.0

79.0 ± 1.7

79.7 ± 2.5

78.7 ± 0.9

2.45 ± 0.2

1.8 ± 0.2

0.6 ± 0.1

0.5 ± 0.0

1.6 ± 0.1

1.2 ± 0.4

1.4 ± 0.4

1.5 ± 0.1

1.4 ± 0.1

2.1 ± 0.2

3.4 ± 0.2

2.7 ± 0.2

3.2 ± 0.2

0.1 ± 0.0

2.23 ± 0.2

0.82 ± 0.1

0.7 ± 0.0

0.1 ± 0.0

0.2 ± 0.0

0.5 ± 0.0

1.8 ± 0.1

1.31 ± 0.1

1.69 ± 0.2

8.4 ± 0.2

7.4 ± 0.2

5.1 ± 3.6

16.7 ± 0.5

6.4 ± 0.7

15.7 ± 0.4

15.6 ± 0.7

10.0 ± 1.1

3.4 ± 0.2

2.8 ± 0.3

18.7 ± 0.5

11.6 ± 0.1

14.7 ± 0.5

6.2 ± 1.3

3.3 ± 0.2

15.8 ± 0.4

carbonate

carbonate

silicic

silicic

silicic

silicic

silicic

silicic

silicic

silicic

carbonate

carbonate

carbonate
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Table 5-8 cont.
Factor
Site 14
Abundance (no. of
474 ± 214
high
crabs/m2 x ± σ, and
ranked abundance)
Slope gradient
1:50
low

Site 15
573 ± 181
high

Site 16
499 ± 190
high

Site 17
10 ± 0.3
low

Site 18
10 ± 0.3
low

Site 19
11 ± 16
low

Site 20
16 ± 0.1
low

Site 21
171 ± 156
medium

Site 22
589 ± 210
high

Site 23
614 ± 143
high

Site 24
19 ± 20
low

Site 25
157 ± 73
medium

1:500
low

1:50
low

1:400
low

1:75
low

1:10
medium

1:3
high

1:20
medium

1:20
medium

1:150
low

1:80
low

1:80
low

Ocean or tidal creek
38.7 ± 0.1
34.5 ± 0.1
34.5 ± 0.1 34.5 ± 0.1 [31.3 ± 0.3] [32.0 ± 0.4]
37.0 ± 0.2
[35.9 ± 0.1]
[35.3 ± 0.4] [35.3 ± 0.2]
33.5 ± 0.3
salinity (ppt); creek
salinity in [ ]
Seepage salinity
na
na
na
na
na
na
na
na
na
na
na
(ppt)
Groundwater salinity
45.5 ± 0.7
38.7 ± 0.1
38.7 ± 0.1 37.0 ± 14
31.3 ± 0.3
32.0 ± 0.9
33.8 ± 0.5
37.3 ± 0.4
36.9 ± 0.3
35.7 ± 0.1
34.3 ± 0.4
(ppt)
Pellicular water
34.6 ± 0.5
38.8 ± 2.2
38.9 ± 2.7 36.2 ± 3.7
29.6 ± 0.4
35.4 ± 2.6
35.6 ± 3.4
37.3 ± 2.2
31.5 ± 1.7
33.4 ± 1.1
26.7 ± 0.9
salinity (ppt)
Sediment moisture
24.0 ± 0.7
28.6 ± 0.6
28.8 ± 2.3 26.9 ± 1.8
26.0 ± 0.2
16.8 ± 0.7
21.2 ± 1.8
19.9 ± 2.0
18.1 ± 0.7
18.8 ± 1.6
19.5 ± 1.1
(%)
Sediment modal
125
125
125
250
250
125
250
250
250
250
250
grain size (µm)
Sediment silici91.0 ± 2.0
33.2 ± 1.2
19.6 ± 0.3 21.9 ± 1.6
16.5 ± 0.5
95.3 ± 0.2
15.6 ± 4.9
97.2 ± 0.4
97.3 ± 0.4
98.2 ± 0.2
94.1 ± 1.9
clastic content (%)
Sediment CaCO3
7.1 ± 1.8
63.6 ± 1.1
78.6 ± 0.4 75.2 ± 1.3
80.2 ± 0.6
2.9 ± 0.2
82.0 ± 4.3
2.2 ± 0.4
2.2 ± 0.3
1.0 ± 0.1
5.5 ± 1.9
content (% )
Sediment organic
1.9 ± 0.2
3.2 ± 0.1
1.8 ± 0.2
2.9 ± 0.3
3.3 ± 0.2
1.8 ± 0.1
2.4 ± 0.6
0.6 ± 0.1
0.4 ± 0.1
0.8 ± 0.2
0.5 ± 0.1
carbon content (%)
Sediment mud
1.7 ± 0.3
2.8 ± 0.3
2.9 ± 0.2
4.1 ± 0.8
3.4 ± 0.7
1.2 ± 0.2
4.2 ± 0.5
2.9 ± 0.2
1.4 ± 0.1
2.2 ± 0.3
0.5 ± 0.0
content (%)
Organic matter in
18.0 ± 0.4
12.6 ± 0.2
16.2 ± 0.3 18.7 ± 0.6
22.4 ± 0.1
10.4 ± 0.1
9.4 ± 6.6
12.9 ± 0.2
12.9 ± 0.9
13.7 ± 0.3
23.4 ± 0.2
mud (%)
Sediment type
silicic
carbonate
carbonate
carbonate
carbonate
silicic
carbonate
silicic
silicic
silicic
silicic
* Sites 6 & 7 have the same open ocean water source; sites 11, 12 & 13 have the same open ocean water source; sites 15, 16 & 17 have the same open ocean water source

38.3 ± 0.3

na
37.1 ± 0.8
42.5 ± 1.3
17.2 ± 1.3
250
81.8 ± 8.2
17.6 ± 8.0
0.7 ± 0.2
0.9 ± 0.1
16.2 ± 0.1
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silicic

Table 5-9: Tidal level and frequency of flooding for the soldier crab habitats at the twentyfive regional study sites
Site
Tidal range
Tidal level or interval that the habitat
Frequency of
setting
occupies
flooding (%)
(LAT-HAT) (m)
1
10.5
~ 1 m below HAT
3.8
2
10.5
MHWS to 15 cm below MHWS
4 - 5.5
3
10.5
50 cm above and 60 cm below MHWN
27 - 43
4
10.5
20 cm above and 80 cm below MHWS
5 - 10
5
7.5
50 cm above and 70 cm below MHWN
36 - 51
6
7.5
between MSL and MHWN, 35 cm above MSL
42
7
7.5
located between MSL and MHWN, 25 cm
45
above MSL
8
6.2
located between MHWN and 25 cm below
33 - 40
MHWN
9
6.2
MLWN to MSL
51 - 65
10
6.2
MLWN to 50 cm below MSL
64 - 65
11
5.1
115 cm above MSL (a level between MHWN
14
and MHWS)
12
5.1
MSL to 25 cm below MSL
51 - 58
13
5.1
MSL to 25 cm below MSL
51 - 58
14
5.1
20 cm above MLWN to MSL
51 - 62
15
5.1
MLWN to MSL
51 - 65
16
5.1
MLWN to MSL
51 - 65
17
5.1
MLWN to MSL
51 - 65
18
5.1
25 cm below MSL to MLWN
58 - 65
19
3.0
MSL to MLWN
47 - 64
20
2.8
MSL
50
21
2.0
MLWN to MSL
52 - 58
22
2.0
MHWN to MSL
36 - 52
23
2.0
MHWN to MSL
36 - 52
24
2.0
MLWN to MSL
52 - 67
25
1.5
MLWN
67

Figure 5-9. Abundance of soldier crabs in July 2004 at the various transects (arranged
latitudinally).
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The sediment samples from the twenty-five transects show the modal grain size of the soldier crab
habitat, at most sites, to be a fine to medium sand (grain size 125-250 µm); at Site 7 it was medium
to coarse sand (grain size 250-500 µm). Figure 5-10A shows the range of grain sizes from the
various sites. Sands can vary from being dominated by silicic grains (mainly quartz) to those
dominated by silicic grains or those dominated by calcium carbonate grains (Fig. 5-11), and in
general, regionally, there was no pattern to their composition except that deltas (such as the
Gascoyne River Delta) tend to be dominated by silicic grains (sites 21-24). As such, sediment
composition appears to make no difference to the occurrence of soldier crabs whereas sediment
grain size does. Organic carbon content of the whole sediment tends to be low (< 1% varying to ~
3%). The sediments with the highest carbon content are those that are proximal to or within
mangrove formations (e.g., Sites 11 & 12). Mud content, too, is generally low: usually < 1%
varying up to 5%, but may be up to ~ 8%. Organic carbon content of the mud fraction (the finegrained material that the crabs extract from the sand for feeding) is in the range of 3-22%
depending on site. The sediment with the lowest content of organic carbon in the mud fraction
corresponded with the lowest numbers of crabs.

Information on the local-scale features of the soldier crab habitat along a transect is provided in
Figure 5-12, showing geomorphic units hosting the soldier crab habitat, the topographic profile and
surface gradients, the tidal level of the habitat, microtopography, sediment types, the extent of the
soldier crab zone along the profile and their relative population abundance (as ranked data), and
some of the key processes. Figure 5-12 graphically illustrates the wide variety of geomorphic
settings that soldier crabs can inhabitat while at the same time showing that the soldier crab habitat
consistently occupies a particular zone of the environment between ~ HAT and MLWN. Typical
views of selected sites are illustrated in the annotated photographs shown in Figure 5-13.
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Figure 5-10. A. Granulometry of sand from all study sites that are soldier crab habitats [note that
individual graphs of the grain-size distribution of a given sediment is unimodal - the apparent
bimodal appearance of the combined presentation of all the graphs is due to the fact that half the
graphs are modally centred on the 250 µm size and the other half centred on the 125 µm size]. B.
Granulometry of the experimental blocks of sediment (black lines) which soldier crabs avoided in
comparison to the granulometry of soldier crab habitat (grey lines). C. Granulometry of the
coarser sediments and muddier sediments (black lines) that adjoin soldier crab habitats (and do not
support the crabs) in comparison to the granulometry of soldier crab habitat (grey lines).
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Figure 5-11. Composition of sand as
(arranged latitudinally).

% siliciclastic and calcareous at the various transects
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Figure 5-12. Transects through the twenty-five study sites in July 2004 showing profiles,
sediment types as substrates, vegetation, groundwater table level at low tide, some
geomorphic features specific to the transect, some hydrologic processes specific to a transect,
and the occurrence of soldier crabs on the profile shown in ranked abundance.
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Figure 5-12 cont.
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Figure 5-12 cont.
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Figure 5-12 cont.
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Figure 5-12 cont.
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Figure 5-12 cont.
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Figure 5-13 (next two pages). Photographs of soldier crab habitats, and some environmental
gradients in the field, ordered from most common to relatively least common habitat.
Shore-parallel shoals that are soldier crab habitats in Hearsons Cove.
B. Shoals as part of an ebb-tidal delta (within the bay) that are soldier crab habitats in King Bay.
C. Low gradient beach and shore-parallel shoal complex at Settlers Beach.
D. Shoals and channels that are part of an ebb-tidal delta at the mouth of Willie Creek.
E. Soldier crab habitat developed across a high-tidal sand-floored lagoon, bordered by limestone
and sand ridges at Coconut Well.
F. Soldier crab habitat in the interior of an open mangrove formation with sandy floor on the tidal
bank of Nine-mile Creek, Port Hedland.
G. Soldier crab habitat at Entrance Point, a moderate wave-dominated sandy beach, with local
outcrops of Broome Sandstone.
H. Soldier crab habitat on sand patches amongst rock pavement of Broome Sandstone at Black
Ledge.
I. Shore of the Gascoyne Flats, north-eastern Shark Bay, with narrow ribbon of sand that functions
as soldier crab habitat.
J. Tidal creek sandy margin that functions as soldier crab habitat at Onslow.
K. Marked seepage of seawater from a beach face discharging along the interface between
Pleistocene limestone and the beach sand to develop a narrow soldier crab habitat at Six-mile
Creek East (also see Fig. 5-6A).
L. Marked seepage of seawater from a beach face discharging along the interface between muddy
sand of the low tidal flats and the mid-tidal beach sand to develop a narrow soldier crab habitat at
Mangrove Bay, North West Cape (also see Fig. 5-6B).
M. Shoals along the axis of a tidal creek in King Bay that function as a soldier crab habitat. N.
The margin of a dune near HAT at Coconut Well, with Sporobolus virginicus, Avicennia marina
and Ceriops tagal, and development of a soldier crab habitat.
O. Sandy surface of an alluvial fan in the northern part of Hearsons Cove, with soldier crab
habitat developed on the sand and amongst the mangroves (in background).
P. Sandy spit sheltering a sand-floored depression which functions as soldier crab habitat at
Monkey Mia, middle Shark Bay.
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For purposes of comparison between the twenty-five study sites, key abiotic parameters are
graphed in Figure 5-14.

The graphs show that for most abiotic parameters, even compared

regionally, there is a narrow range of values in groundwater salinity, pellicular water salinity, %
moisture of surface sediments, sediment grain size, mud content, and organic matter content in
habitats occupied by soldier crabs.

While most of the information relating to habitat description and setting, and the description of the
abiotic characteristics for each habitat at the various sites are presented in Tables 5-7, 5-8, 5-9 and
Figure 5-12, key points from each of the transects are described below, with emphasis on factors
that are especially of significance for that site in relation to the occurrence of soldier crabs (e.g.,
tidal level of the habitat, or the salinity or moisture content where fresh water has resulted in
dilution of hypersalinity).

Key points of the study sites:
Site 1 shows M. occidentalis at the highest level of the tidal zone recorded in their biogeographic
range, i.e., ~ 1 m below HAT in an extreme macrotidal region of 10.5 m tides sheltered within a
tidal lagoon. The crabs inhabit the sloping tidal margin of a dune where it makes contact with the
tidal lagoon. Sustained by fresh-water seepage from the dune, the soldier crab habitat has a
pellicular water content of ~ 20%, and a (diluted) groundwater and pellicular water salinity of ~ 42
ppt and 31 ppt, respectively, with seepage measured at 27 ppt. The site illustrates the extreme tidal
levels that soldier crabs can occupy if grain size, moisture levels and salinity are correct for habitat
development.
Site 2 shows soldier crabs at MHWS on the sandy floor of the same protected tidal lagoon
described above. At MHWS, a level that is normally drier and more saline than the lower tidal
levels, the lagoon floor is moist enough, and of low enough salinity, even during neap tides, for
soldier crabs to inhabit because a sand bar retards tidal and groundwater discharge. The site again
illustrates the extreme tidal levels that soldier crabs can occupy if grain size, moisture levels, and
salinity are correct for habitat development.

Site 3 is a wave-agitated, moderately-sloping beach, and soldier crabs (though in low abundance)
inhabit very localised sheltered areas at tidal levels of ~ MLWN, developed by small outcrops of
Mesozoic rock. The site illustrates that very restricted shelter on high-energy beaches can provide
localised soldier crab habitat.
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Site 4 shows M. occidentalis at the level of MHWS, sheltered on a high-tidal sand flat in an
extreme macrotidal region, landward of wide mangrove formation.

While at MHWS,

seawater/fresh-water seepage from the sandy beach and the sandy hinterland develops a moisture
content and a diluted groundwater and pellicular water to support soldier crabs. The site illustrates
the extreme tidal levels that soldier crabs can inhabit if protected by mangroves, and if grain size,
moisture levels, and salinity are correct for habitat development.

Site 5 is a soldier crab habitat within a sandy area within mangrove shrubland flanking a tidal creek
at ~ MHWN. The sand surface is wet enough for soldier crabs, and has a groundwater and
pellicular water of ~ 44 ppt and 43 ppt, respectively. The site illustrates that soldier crabs can
inhabit sandy mangrove-vegetated areas.

Site 6 is a soldier crab habitat between MSL and MHWN, at the base of a moderately-sloping, midtidal beach. Ebb-tide seepage of seawater from the beach sand (along a stratigraphic interface)
dilutes groundwater and pellicular water, and keeps the sandy surface wet. The site illustrates that
seepage from a beach face can develop a localised soldier crab habitat.

Site 7 is a soldier crab habitat on an open, sandy, low-tidal flat area located between MSL and
MWN, bordering a shore-normal, low-relief sandy shoal.

Site 8 is a soldier crab habitat on an open, sandy, mid-tidal flat at ~ MHWN. Ebb-tide seepage of
seawater dilutes the normally hypersaline groundwater and pellicular water and keeps the sandy
surface moist.

Sites 9 and 10 are similar in that soldier crabs inhabit an open low-tidal sand flat between MLWN
and ~ MSL, commencing at the base of a beach slope. The habitats are partially sheltered by
shoals and depressions, and the sites illustrate local shelter can be developed within a shoal
complex, with soldier crabs occurring on dissipative shores seaward of a reflective beach.

Site 11, between MHWN and MHWS, is at the landward edge of mangrove vegetation on a hightidal alluvial fan of sand and gravelly sand. Seepage of fresh water from the hinterland into the
alluvial fan dilutes the normally hypersaline groundwater and pellicular water and keeps the sandy
surface moist. In this location the soldier crabs also partially inhabit sandy substrates amongst the
mangrove pneumatophores where mangroves inhabit the edge of the alluvial fan.

The site
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illustrates that seepage from an alluvial fan can develop a local soldier crab habitat, and that they
can occur amongst mangrove pneumatophores.

Site 12, between MSL and MLWN at Hearsons Cove, is seaward of mangrove low forest, and is
regionally well sheltered from swell and wind waves (see Hearsons Cove in Case Studies). This
site illustrates the extent that shelter plays in the development of soldier crab habitats.

Site 13, between MSL and MLWN at Hearsons Cove, is on the margins of shore-parallel shoals in
a shoal complex on the low tidal flats. Seepage of seawater from the beach face is ponded by the
shoal. The ponded water maintains the moisture and salinity as a soldier crab habitat along the
margins of the shoals. The site also is regionally sheltered from swell and wind waves (see
Hearsons Cove in Case Studies). The site illustrates that local shelter can be developed within a
shoal complex, and the extent that local hydrology plays in developing their habitat.

Site 14, located between ~ MSL and MLWN deep within a linear embayment, is seaward of
mangrove low forest.

Sites 15 and 16, between MSL and MLWN on a sandy tidal flat, are located leeward of low-relief
mangrove-vegetated shoals as part of an ebb-tidal delta. The sites illustrate the extent that local
shelter can play in developing soldier crab habitats, as the soldier crabs occur dominantly leeward
of the mangrove-vegetated shoals.

Site 17, a low-relief shore-parallel linear sand bar, between MSL and MLWN, is located deeper
into King Bay than sites 14 and 15 where there is relatively more shelter from regional swell and
wind waves. The sand bar, of 30 cm relative relief above the surrounding tidal flat, is surrounded
by slightly more muddy sand wherein soldier crabs are absent. The site illustrates the extent that
distance into any embayment (thus providing shelter from waves), and the emergence of a sandy
bar surrounded by muddy sand play in the development of a soldier crab habitat.

Site 18 is a series of low-relief, mega-rippled sand waves and shoals, located between MLWN and
~ MSL, along the axis of a tidal creek within King Bay. It is the sandy site in King Bay that is
most sheltered from regional swell and wind waves. The site illustrates that a sand-floored tidalcreek axis, protected from waves, can provide a soldier crab habitat.
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Site 19, near Onslow, is a moderately-sloping, sandy bank of a tidal creek located between ~ MSL
and MLWN, locally inhabited by mangroves. The soldier crab habitat receives seepage of fresh
water and seawater from the upper creek bank. Being of moderate slope, the bank has high drainage
and so the soldier crab zone is narrow. The site illustrates that a sand-floored tidal-creek bank,
protected from waves, can provide a soldier crab habitat.

Site 20 shows a soldier crab habitat at ~ MSL at the base of a moderately-sloping, mid-tidal beach.
Ebb-tide seepage of seawater from the beach dilutes groundwater and pellicular water and keeps
the sandy surface wet. As with Site 6, this site illustrates that seawater seepage from a beach face
can develop a localised soldier crab habitat.

Sites 21 and 22, at MLWN to MSL and MSL to MHWN respectively, are the sandy point bar and
bank of meandering tidal creeks on a strand plain of a delta. The point bar and bank, being of
moderate slope, have high internal drainage, thus the soldier crab zone is narrow. The sites
illustrate that a sand-floored tidal-creek point bar and bank, protected from waves, can provide a
soldier crab habitat.
Site 23, at ~ MSL to MHWN, is a sandy low-tidal flat of a lagoon on a strand plain of a delta. The
site illustrates that a sand-floored tidal lagoon, protected from waves, provides a soldier crab
habitat. It is similar to Site 2 in setting, though at a lower tidal level.
Site 24, at ~ MSL to MLWN, is the sandy tidal flat that occurs landward of a wide seagrass bank.
The site illustrates the development of soldier crab habitat leeward of the sub-regional wavedampening effect of seagrass meadows offshore, and upslope of a dissipative shore.

Site 25 is at MLWN on a sandy low-tidal flat, locally protected by a small, shoreline, recurved spit,
the entire complex occurring landward of seagrass banks (and a large submerged seagrassvegetated spit) in the middle of Shark Bay. The site illustrates the development of a soldier crab
habitat leeward of the sub-regional wave-dampening effect of seagrass meadows offshore,
combined with the local shelter of a shoreline recurved spit.
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Figure 5-14. The key abiotic parameters from the 25 study sites. The relative latitudinal distance between the sites is shown along the left axis.

The relationship of soldier crab habitat to geomorphic units and hydrologic zones, for the twentyfive transect sites, is summarised in Table 5-10.

Table 5-10
Relationship of soldier crab habitat to geomorphic units and hydrologic zones
Geomorphic unit
Transect site
emergent sandy bars and shoals on a dissipative shore
sites 7, 9, 10, 12, 13, 17
sandy bank and shoals of tidal creek
sites 2, 5, 18, 19, 21, 22
Dissipative sandy shore
sites 18, 14, 24
sand-floored tidal lagoon
sites 2, 21, 23
sandy ebb-tidal delta shoals, protected by low headland
sites 15, 16
seawater seepage zone, base of a beach slope
sites 6, 20
Freshwater seepage zone, high tidal sand
sites 1, 11
protected sandy zone landward of mangroves
sites 4, 11
sandy beach, with local protected zones behind spit
site 25
sandy beach, with local protected zones amongst rock outcrop
site 3
Table 5-10 shows that most soldier crab habitats are located on dissipative shores (particularly
those with shoal-and-depression complexes), on sandy substrates (such as shoals and banks) in the
wave-protected axes of tidal creeks and on ebb-tidal delta shoals associated with tidal creeks, in
tidal lagoons, along the seepage zone at the base of a beach slope, and in high-tidal sandy areas
where there is freshwater seepage.

5.10.3 Microtopographic effects
While local factors such as shore slope and depth to groundwater may determine the occurrence of
soldier crab habitats within an embayment or along the coast, soldier crabs do not always occur
ubiquitously across their habitat on a day-to-day basis. Microtopography within the habitat, which
may vary diurnally, is important for determining the diurnal occurrence, distribution, and activity
of the crabs at the finer scales by providing suitable moisture conditions for feeding and
construction of ichnological structures (such as pustular structures roofing the horizontal tunnels of
the crab) during low-tidal periods. Detailed surveying at Sites 13, 15 and 16, in relation to smallscale topography and the water table at low tide, shows that the tidal-flat surface is not always
planar, but consists of undulations comprising small-scale mounds and depressions of relative relief
of 10-20 (-30) cm, formed as a result of feeding at high tide by demersal fish. A cross-section
through the low-relief undulating tidal flat is shown in Figure 5-15A. Within the microtopographic
setting, the water table during low tide was generally consistent in height relative to AHD, but the
depth to the water table from the tidal-flat surface varied in relation to the occurrence of mounds or

depressions.

Some depressions intersected the water table at low tide and therefore formed

“pooled” water. The greatest depth to the water table occurred under the mounds with the highest
relief.

Soldier crabs avoided working the surface of areas where mounds were too high (Fig. 5-15B), and
the water table at low tide therefore too deep, or where depressions were permanently waterlogged
or inundated for that day (Fig. 5-15C). The soldier crabs showed a preference for the margins of
the higher mounds and the entire surface of the medium-sized mounds (Fig. 5-15A). This
phenomenon is exemplified best where soldier crabs preferentially pelletised the crest of ripples,
showing the extent that depth to a water table and moisture content of sediment played a part in
determining crab activity and crab surface occurrences and workings (Fig. 5-15D & 5-15E). Adults
that emerged onto the surface preferentially pelletised the crests of ripples (since ripple crests were
elevated above the water table), and pelletised the crests and margins of mounds in the “moundand-depression” complex.
At Site 15, when the crest of the seaward low-relief shoal that normally did not support populations
of soldier crabs (because it was too high above the water table under the tidal flat) was excavated
by tidal action over several months to form an intra-shoal depression (15-20 cm deep) on the crest
of the shoal, and the shoal surface was brought within 10-15 cm of the water table (at low tide),
soldier crabs migrated into that area of the crest of the shoal.
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Figure 5-15 (next page). Influence of microtopography on soldier crab occurrence. A. Occurrence
of hummocks (mounds) and depressions along a transect on a tidal flat, and detailed topography
showing the distribution of crab workings along a hummock and depression in relation to the water
table. B. Mound-and-depression complex showing general absence of soldier crab workings on the
mounds (one is arrowed). C. Soldier crab workings along the margins of a depression, and their
absence in the depression where the substrate was too close to the water table or was inundated. D.
Emergent adult crabs have pelletised the tidal flat surface, preferentially working along the crest of
ripples. E. Rippled tidal flat where soldier crabs have preferentially pelletised the ripple crests and
avoided the inter-ripple troughs.
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5.10.4 Results of field work to define soldier crab sediment preferences
When the experimental blocks of exotic sediment (mud, muddy sand, grit, and shell fine gravel)
were emplaced on the tidal flat at Site 15 to determine what sediments the crabs avoided and what
sediments they preferred, the soldier crabs were found to have been migrating throughout the
general area by horizontally burrowing, and producing pustular structures (as described by Unno &
Semeniuk 2008). The five control sand blocks of natural sediment were inhabited and burrowed by
crabs within a day, and these control blocks were constantly burrowed by the crabs over the year.
However, the crabs totally avoided from the onset and for the whole year, the mud, muddy sand,
shell grit, and shell gravel. A comparison of the grain sizes of the natural sand in the soldier crab
habitat and the exotic sediment blocks is illustrated in Figure 5-10B. This provides an indication of
the sediments that soldier crabs avoid.

The granulometry of (soldier crab-free) sediments dominated by gravel-sized and mud-sized
fractions that sharply adjoin sandy soldier crab habitats is shown in Figure 5-10C. This also
provided an indication of the sediments that soldier crabs avoided.

5.10.5 Relationship of soldier crabs to mangroves and sea couch
Three sites were studied specifically to show soldier crab occurrence in relation to mangroves and
to sea couch. These field sites were Site 1, Site 5 and Site 10.

At Sites 5 and 10 (Nine-mile Creek, Port Hedland, and Hearsons Cove, Dampier Archipelago,
respectively), the occurrence of soldier crabs in relation to the white mangrove (Avicennia marina)
was investigated. At these sites, even though soldier crabs could inhabit the tidal level where this
mangrove grew and, indeed, locally inhabited sandy substrates where the mangrove was open or
sparse, there was an absence of soldier crabs where mangroves (and their pneumatophores) were
abundant (Fig. 5-16).

At Site 1 (Coconut Well), the occurrence of soldier crabs in relation to sea couch (Sporobolus
virginicus) was investigated. At this site, even though soldier crabs could inhabit the tidal level
where sea couch grew, soldier crabs were absent where sea couch was abundant (Fig. 5-16).
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Figure 5-16. Soldier crabs in relation to
mangrove pneumatophores and sea couch:
A. Pustular workings amongst the
pneumatophores.
B. Relationship between crab numbers and
mangrove root density.
C. Relationship between crab numbers and sea
couch root density.

5.10.6 Data analyses: linear regression and Principal Component Analyses
For the linear regressions, all the analyses resulted in low r2 values (low correlation) and high pvalues (poor statistical significance) in testing for a linear relationship between abundance and the
other variables.

The scatter plots suggest that abundance has neither a linear nor generally

monotonic relationship with the other variables.

However, there seems to be a non-linear

relationship: as abundance values increase, there appears to be an approximate convergence
toward the averages of the observed abiotic environmental values. This is consistent with the crabs
having an optimum or preferred range of salinity, moisture, mud content, and so on. The results of
the regression analyses are presented in Appendix 2.
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Principal Component Analyses using Orthogonal (Varimax) and oblique (Direct Oblimin)
rotations gave similar results with no serious conflict of interpretation between them (Appendix 2).
Abundance loaded strongly onto the third component, whilst the other variables in the third
component have only weak to moderate (linear) association. The third component accounts for
only 12.5% to 13.0% of the variance in the original data. Principal Component Analyses show
again that abundance has neither a linear nor generally monotonic relationship with the other
variables, which is consistent with the crabs having an optimum or preferred range of salinity,
moisture, mud content, and so on. The scatter plots reveal that the weak to moderate association
with abundance seems due to some environmental data values skewing in relation to the crabs’
optimal range.

The Principal Component Analyses showed that, along a given axis, the following abiotic features
were strongly inter-related as determinants for soldier crab occurrence: mud content of sediment,
and depth to water table at low tide. Along axis 1, pellicular water salinity, sediment moisture
content, organic matter in the sediment, mud content, and depth to water table at low tide were
associated. Along axis 2, ground water salinity, grain size, and organic matter in the mud fraction
were associated. Along axis 3, pellicular water salinity, mud content, organic matter in the mud,
and crab abundance were associated. The results from PRIMER 6 PCA analyses corroborated that
soldier crab occurrence was related to mud content of sediment, depth to water table at low tide,
pellicular water salinity, sediment moisture content, organic matter in the sediment, ground water
salinity, sediment grain size, and organic matter in the mud fraction (Appendix 2).
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5.11 Case studies to illustrate the relationship of the soldier crab habitat to wave energy and
other abiotic factors

Cable Beach, Entrance Point, Hearsons Cove and King Bay provide case studies that illustrate the
relationship of the soldier crab habitat to wave energy and other abiotic factors. Cable Beach and
Entrance Point, at Broome, show a contrast between an exposed beach and a relatively more
sheltered beach - soldier crabs are absent from the former, and inhabit the latter. Hearsons Cove, on
the south-western shore of Nickol Bay, along the eastern edge of the Burrup “Peninsula”1 in the
Dampier Archipelago, and King Bay along the southeastern margin of the Burrup “Peninsula”
provide case studies of seven soldier crab habitats developed in relation to abiotic environmental
factors that include wave energy, tidal level, grain size, pellicular water salinity, and fresh-water
seepage.

For Hearsons Cove and King Bay, some more specific information on wave energy in the region of
the Dampier Archipelago, as background beyond the regional considerations provided earlier, is
described below. In terms of wave energy, the Dampier Archipelago is subjected to regional swell
and locally-generated wind waves (Fig. 5-17). The swell derives from south-western to western
quadrants (originating from the refracted swell from the Southern Ocean and directly from the
Indian Ocean), and from eastern quadrants (originating from the Indian Ocean), as described by
Semeniuk & Wurm (1987) and Pearce et al. (2003). In the Dampier Archipelago, wind waves
follow wind directions. Semeniuk & Wurm (1987) summarise the information on the two main
seasons of wind direction that generate wind waves significant in coastal processes. Where swell
and wind waves directly impinge on the shore, they generate wave-dominated coastal landforms
and sedimentary bodies (Semeniuk & Wurm 1987): the coast tends to be wave-washed rocky
shores or high-energy beaches, as exemplified by the eastern margin of the Burrup “Peninsula”
(Semeniuk et al. 1982). Where partly or moderately protected from swell and wind waves, coasts
tend to be sandy shores, or sandy tidal flats, and where protected from swell and partly from wind
waves, coasts tend to be muddy or muddy-sand tidal flats.

1

the “Burrup Peninsula” is not a true peninsula – it actually is a linear series of rocky islands formerly
connected at their southern end by a tidally-flooded, sediment-infilled seaway. Today, it is connected to the
mainland by causeways.
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5.11.1 Cable Beach and Entrance Point
Cable Beach and Entrance Point (Site 3 of the regional transect study) are two wave-dominated
beaches in the Broome area (Fig. 5-18). Cable Beach is more exposed than Entrance Point in that
it more directly faces the swell and wind waves of the Indian Ocean, while Entrance Point is
slightly more protected, being leeward of, and semi-sheltered by a ridge of Mesozoic rock, and
receives refracted swell and wind waves (Fig. 5-18). Using the criteria to rank exposure/shelter
developed by Brown (1990), Cable Beach scores 11 and is graded as exposed, and Entrance Point
scores 10, and is graded as sheltered (on the boundary between sheltered and exposed). The two
beaches, in close proximity to each other illustrate that for soldier crabs a score of 11 using the
criteria of Brown (1990) signals a beach too high in wave energy to support soldier crabs. As
such, Cable Beach is too high in wave energy, while Entrance Point is borderline (reflected in the
fact that soldier crabs are not abundant at this beach).

Figure 5-17. The oceanographic
setting of the Dampier
Archipelago.
A. The refraction of southwesterly, westerly and easterly
swell by islands of the
archipelago and large bays, the
region of eastern Burrup
“Peninsula” (circled) that is
largely protected from direct
impact of swell, and location of
King Bay (1), Withnell Bay (2),
and Hearsons Cove (3).
B. The surface wind patterns
that result in wind waves, and
the direction of wind waves that
impinge on King Bay and
Withnell Bay (after Semeniuk
& Wurm 1987).
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Figure 5-18. Two wave-dominated beaches in the Broome
area.
A. Annotated map of the comparative oceanographic,
geomorphic and sedimentologic setting of Entrance Point
and Cable Beach; soldier crabs occur at Entrance Point but
not at Cable Beach.
B. More detailed map of Entrance Point showing
headland-and-reef topography providing shelter from
waves (by refraction), and the location of the soldier crab
habitat.
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5.11.2 Hearsons Cove
As an open embayment, subjected to a graded wave climate along its length (decreasing in
wave energy to the north), Hearsons Cove provides an excellent example of the interrelationship of coastal landforms, sedimentary accumulations, steepness of shore, grain-size
distribution in relation to wave energy, and pellicular water content and its water salinity.

Hearsons Cove is a north-south oriented open embayment occurring between two protruding
headlands of Precambrian rock, between which there is a curved steep reflective beach located
between MSL and HAT that is backed to landward by a shore parallel sand dune. Seaward of
the beach is a gently sloping, low-tidal sand flat located between MSL and LAT that is a
dissipative shore. The embayment is variably protected along its length from wave action (by
refraction and dampening of swell from the eastern quadrants and of wind waves), and as a
result there is partitioning of sediment bodies, separation of gravel and sand grain sizes,
accumulation of mud (to form muddy sand), and occurrence of mangroves in response to the
variable and graded wave energy that impacts on this coast.

The southern part of the

embayment is subjected to wind waves during all seasons, as well as refracted swell; this
segment of the coast is high-energy: it is a wave-washed cliff shore and bouldery shore. At the
other extreme, the northern part of the embayment is protected from swell and partly protected
from wind waves; this segment of the coast is of a lower energy: it is a fine sand and muddysand sedimentary environment which supports mangroves. From south to north, as the wave
energy decreases, the grain size along the reflective beach changes progressively (Fig. 5-19):
from exposed rock with a thin cover of shell gravel and rock gravel (modal grain size 4000
m) in the south to coarse sand and finer shell gravel in mid-sections, to medium sand and fine
sand (modal grain size 500 m) in northern sections. The accumulation of fine sand on the
low tidal flat in the embayment is asymmetric, with the thicker and wider proportion occurring
to the north in the protected zone (Fig. 5-19), effectively in the lee of the northern headland.
The mangroves and their associated muddy sand also occur in the most protected part of the
embayment.

A summary of the geomorphic, oceanographic and sedimentologic setting and essential
features of Hearsons Cove in generating soldier crab habitats is shown in Figure 5-19.
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Figure 5-19. Annotated map of the oceanographic, geomorphic and sedimentologic setting of
Hearsons Cove in 2004 wherein three soldier crab habitats are developed. A. Simplified map
of landforms and sediments. B. Granulometry of the reflective beach at levels of MSL,
MHWN and MHWS showing decrease in modal grain size from south to north in response to
decreasing wave energy. C. Main settings and processes leading to zones of relative shelter in
the Cove. D. Summary showing location of the soldier crab habitats developed in Hearsons
Cove.
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Within the Cove, with its differential distribution of wave energy, there are three sites for
soldier crab habitats, described in order of location in decreasing wave energy (Fig. 5-19):

•

Hearsons Cove # 3 - low-tidal, shore-parallel, low-relief shoals in the north-western
part of the Cove (i.e., on a shoal complex developed only in the middle to northern
parts of the Cove);

•

Hearsons Cove # 2 - a low-relief shoal just below MSL, parallel to the front of the
mangroves, further in the north-western part of the Cove; and

•

Hearsons Cove # 1 - the high-tidal part of an alluvial fan at ~ MHWS, landward of the
mangroves in the extreme north-western part of the Cove.

The reflective beach at Hearsons Cove does not provide soldier crab habitats: along the base of
the beach slope in the middle to southern parts of the embayment, the sediments are too coarse
or too mobile, and in northern parts, where the grain size of the beach is less coarse, the slope
is too steep (and freely draining of groundwater during low tide). Hence the combinations of
wave energy, grain size, steepness of shore, and pellicular water content and salinity has
constrained the crab to inhabit a localised area in front of the reflective beach on shore-parallel
shoals, and in front of the mangroves - effectively in that part of the low-tidal sand flat
subjected to the lowest level of wave energy.

These particular locations highlight the

significance of low wave energy in determining soldier crab occurrence, and also the
importance of grain size and pellicular water content.

Being below MSL, the habitat at Hearsons Cove # 3 is flooded on all tides, and the
groundwater table, being almost always close to the sediment surface, ensures that the sand has
a pellicular water content sufficient to support soldier crabs. The pellicular water salinity is
similar to that prevailing throughout the region on low-tidal sand flats. Wind-wave energy and
tidal currents are sufficient to cause sand rippling, but not to generate megaripples, and there is
not enough sand mobility to eliminate soldier crabs.

The most sheltered soldier crab habitat in Hearsons Cove is the high-tidal part of an alluvial
fan located landward of high-tidal mangroves (Hearsons Cove # 1) and partly into the landward
zone of the mangroves.

This occurrence of soldier crabs contrasts with the traditional

perception that they are low-tidal flat inhabitants (Cowles 1915, McNeill 1926, and others).
This habitat also highlights the significance of low wave energy in determining soldier crab
occurrence, the site being the environment most protected from wave action. Additionally,
being flooded only on high spring tides, and being a sandy environment, the area normally
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should have a water table at low tide that falls to a depth of decimetres during neap tides, and
(at the landward zone of the mangroves) groundwater salinity and pellicular water salinity
normally would be 80-90 ppt (Semeniuk 1983) - however, groundwater salinity and pellicular
water salinity have been diluted by fresh-water seepage, and by seepage of seawater stored in
the landward dunes. As a high-tidal habitat, this location underscores the significance of fresh
water and seawater seepage in maintaining pellicular water content, and in diluting normally
hypersaline water to allow the soldier crab to inhabit this unusual environment. The site at
Hearsons Cove # 1 illustrates that a range of environmental factors can interact to develop
habitat for soldier crabs.

5.11.3 King Bay
King Bay is a V-shaped embayment cut into Precambrian rock. It is protected from regional
swell by the cluster of islands of the Dampier Archipelago, viz., East Lewis Island, West Lewis
Island, Malus Island, Enderby Island, and Rosemary Island (Fig. 5-17). It is subject to local
wind waves (Fig. 17; and Fig. 4 of Semeniuk & Wurm 1987), but wave translation (energy
dissipation) across the length of the embayment results in a decrease in energy of the wind
waves from its entrance to its head, as reflected in the sediments: sand at the entrance to the
embayment, muddy sand in middle tracts of the embayment, and mud at its head (Semeniuk &
Wurm 1987).

King Bay thus illustrates the relationship between coastal landforms,

sedimentary accumulations, and grain-size distribution and the local habitat characteristics of
pellicular water content and pellicular water salinity. The King Bay location also highlights
the subtleties of wave energy in determining soldier crab occurrence.

There are seven sites, all located between circa MSL and MLWN, that function as soldier crab
habitats in King Bay, and all occur in a re-entrant in the southern part of the Bay. The reentrant is partly protected by a headland of limestone and Precambrian rock. Four of the sites
are part of the transects used in this study (viz., King Bay # 1, King Bay # 2, King Bay # 3, and
King Bay # 4). In that part of the embayment where local wind-generated wave action is
moderate and sand is accumulating, there are two sand shoals (King Bay # 1 and King Bay # 2)
formed as part of a sandy ebb-tidal delta, partly anchored by copses of mangroves. Aerial
photography shows that the mangrove-vegetated shoals have existed for at least 70 years.
Soldier crabs have been observed inhabiting the shoals for the past 30 years. The mangrovevegetated shoals stand some 50 cm above the general level of the tidal flat and are 20-30 m in
length and 10 m wide. They form local low-relief “barriers” to the wave energy translating
across the tidal flat. Soldier crabs inhabit the leeward side of the two shoals, semi-protected
from the wind-waves. In contrast, on the windward side of the western shoal complex nearest
to the mouth of the embayment, and in spite of the fact that the tidal levels are the same,
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soldier crabs have been absent (as observed over 30 years). The critical factor in maintaining
these two soldier crab habitats is the subtle protection from wind waves by these shoals and
their local mangrove copses. The third soldier crab habitat in King Bay (King Bay # 3) is a
shore-parallel linear sand bar, elevated up to 30 cm above the general level of the tidal flat. It
is located further into the King Bay embayment, and in the context of wave energy decreasing
as it penetrates into the embayment, this site is located in a zone of lower energy than the
previous two sites. The linear sand bar is surrounded by muddy sand (too muddy for soldier
crab habitation). Even though further into the embayment (and notwithstanding that wave
energy is decreasing such that the surrounding environment has become too muddy, with a
mud content > 10%), the linear sand bar forms an ideal soldier crab habitat, and being elevated
above the general water-saturated tidal flat, it drains such that the groundwater table at low tide
is ~ 10 cm below its surface. The fourth soldier crab habitat in King Bay (King Bay # 4) is a
series of low-tidal sand shoals and sand waves located in the axis of a tidal creek. The shoals
are wholly protected from waves and so are located in a zone of lower energy than the previous
three sites.

These soldier crab habitats in King Bay, in a context of differential wave energy, illustrate the
principle for a soldier crab habitat to develop there must be enough protection from wave
action so as not to mobilise the sand (i.e., so that soldier crabs do not need to deal with a
shifting mobile substrate), but enough wave action to winnow out mud to create a sediment
with < 10% mud. A summary of the geomorphic, oceanographic and sedimentologic setting
and essential features of the King Bay embayment in generating soldier crab habitats is shown
in Figure 5-20.

247

Figure 5-20. Annotated map of the oceanographic, geomorphic and sedimentologic setting of
King Bay in 2004 wherein seven soldier crab habitats are developed, with explanation of the
occurrence of the habitats. The soldier crab habitats are discrete shoals in a southern re-entrant
of King Bay protected by a low headland Precambrian rock and limestone. This map should be
viewed in conjunction with Figure 5-17B.
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5.12 Discussion and conclusions

The ensuing discussion generally progresses in a scalar manner for the critical features of the
environment, commencing with information on the physiological response and behaviour of
the soldier crabs, then explaining their occurrence in specific habitats in the light of the
transect studies, and finally explaining their occurrence at the regional scale and their
biogeographic distribution.

As noted in the Introduction, other species of Mictyris worldwide occur in humid climates and,
as such, this presents some difficulties in applying autoecological and physiological
information obtained from these other species to M. occidentalis. Some generalised generic
information can be used and compared across species (e.g., the seemingly similar burrowing
behaviour of M. occidentalis, M. longicarpus, M brevidactylus, and M. platycheles, or the
osmoregulatory feature of the genus Mictyris), but detailed information about the physiological
and behavioural characteristics of one species must be applied/compared to others with
caution. Thus, for instance, while M. longicarpus may be able to tolerate salinity up to 50 ppt
as determined by experiments (Barnes 1967), which is not to say that this will determine its
habitat setting, there are no comparable data available for M. occidentalis; this latter species,
occurring in an arid setting, may be able to tolerate higher salinity in an experimental setting
than the other species of Mictyris.

Since M. occidentalis has not been the subject of experimental work dedicated to determining
physiological responses, physiological limits, and other behavioural features, my approach to
assessing what are the habitat determinants for the species generally was field-based, drawing
on the information on habitat characteristics from spatial occurrence of the species, and field
sampling to describe the features of the environment in which the species was found.

This

was supplemented locally by some field experiments that provided insights into soldier crab
occurrence or distribution. Thus a three-pronged approach was employed:
•

Detailed field studies involving comparative studies of sites and verified by aquarium
observations;

•

Laboratory and statistical analyses; and

•

Focussed experiments (e.g. aquarium studies; determining soldier crab sediment
preferences via exotic blocks of sediments experiment).

These studies culminated in the construction of a general model of the M. occidentalis habitat
which was then verified by case studies.
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Prior to discussing general soldier crab physiology, behaviour and habitat requirements, a short
discussion on air cavities produced in the subsurface sand by M. occidentalis is provided, as
these structures provide insight into many aspects of soldier crab autoecology. The air cavity
is an essential part of the soldier crab’s ichnological constructions (Chapter 3; Unno &
Semeniuk 2008), and such cavities would not survive continual inundation, nor would they
survive reworking by waves or strong tidal currents. The air cavity thus constrains the soldier
crab to inhabiting tidal environments (above levels of ~ MLWN), and inhabiting environments
that are not reworked by waves and/or tidal currents to the extent that the upper 10-30 cm of
the substrate is mobilised. Tidal levels below MLWN are too frequently inundated, and hence
tend to develop the characteristics of subtidal sediments, and the water table at tidal levels of
MLWS to LAT tends to be very shallow (< 2 cm) or at the surface, both of which have
implications for the soldier crab creating tunnels, or maintaining an air cavity.

5.12.1 Soldier crabs and tidal levels
The soldier crab is not a subtidal brachyuran. It requires exposure during a low tide: firstly,
because it largely is a semi-terrestrial brachyuran with well-developed lungs (Maitland 1987;
Farrelly & Greenaway 1987; Maitland & Maitland 1992). The soldier crab draws its oxygen
predominantly from the air via its Milne-Edwards openings, not from oxygen-saturated water.
Even though it remains infaunal when the tidal flats are exposed during low tide, enough
oxygen can diffuse into the sand interstitially to sustain it; while submerged, it retains an air
cavity in which it resides during the high tide, but requires exposure during a low tide to
replenish this air cavity. Secondly, it requires being able to swarm at some late stage of its life
cycle (Unno & Semeniuk 2008; Unno 2008b). My observations indicate that the soldier crabs
on lower parts of the tidal flat are inundated during the maximum phase of neap tides for two
days (of minimal water-level variation, and hence maximum inundation), during which they
reside in their subsurface air cavities.

Notwithstanding that M. occidentalis is uniquely a species of arid coasts, thus exhibiting
anatomical and behavioural characteristics peculiarly adapted to its environmental setting,
some discussion is provided here of other species of Mictyris in relation to tidal level, even
though these other species inhabit coasts of more humid climates. This is on the assumption
that some attributes of the genus are generally applicable to all species of Mictyris.

There is a generally-held perception that soldier crabs inhabit sandy tidal-flat areas between
MSL and low-tide levels, however, very few authors specifically mention tidal levels for
Mictyris. For instance, McNeill (1926) and other authors just note that the soldier crabs occur
on sandy tidal flats, or are intertidal, without referring to the tidal level. There are exceptions:
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Cowles (1915) noted that M. brevidactylus [referred to by Cowles as M. longicarpus], was
never seen except at low tide and then only at a considerable distance seaward from the hightide mark on exposed sand flats, but even here there is no precise description of the tidal level
that the crab inhabits. Maitland & Maitland (1992), in collecting M. longicarpus in the field
for their aquarium research, noted that the crabs occurred between neap-tide levels.

This study, regionally, of the soldier crab habitat has shown that M. occidentalis can inhabit
appropriate tidal areas from levels just below the highest astronomical tide in extreme
macrotidal areas to mean low water neap tide (they have not been observed at levels of lowwater spring tide). It appears they do not inhabit tidal zones lower than MLWN. There is a
reason for this. While soldier crabs occupy air pockets (cavities) during high tide, they cannot
stay indefinitely subaqueous and too prolonged an inundation will eventually deprive them of
oxygen. From their respiratory requirements and their documented occurrence across tidal
flats in north-western Australia, it appears that the MLWN level is their limit of occurrence in
the low-tide direction. That means that their maximum frequency of inundation is ~ 67%.

5.12.2 Moisture and salinity
Soldier crab occurrence is influenced by the pellicular water content (moisture content) of the
sediment, and the salinity of groundwater and pellicular water. Since pellicular water is the
residual film of water on the sand grains after the tide has ebbed, its salinity develops and
increases from/by evaporation during low tide. The salinity of groundwater is important
because when the crabs burrow and reside in the subsurface, they may do so in the phreatic
zone of the exposed tidal flat, and thus make direct contact with the saline groundwater.
Salinity of groundwater under a tidal flat also is important because capillary rise on lowgradient tidal flats with a shallow water table (at low tide) can moisten the surface to
contribute to the pellicular water and to the salinity of the pellicular water. Thus water both
remnant from the previous tidal flooding (and circumferential to the sand grains) and the water
deriving from capillary rise contribute to the pellicular water on the tidal flat and its salinity.

During a low tide, after marine waters have ebbed off the tidal flat, the groundwater underlying
the surface discharges downwards and seawards sympathetically with the fall in the (open)
water level, with the result that there is a fall in the groundwater table under the tidal flat.
During a spring tide period (which has a large difference between high and low water levels),
under sandy substrates at the level of the low-water neap, the water table falls by 10-30 cm at
low tide, leaving an under-saturated zone of damp sand (equivalent to a terrestrial vadose
zone), with pellicular water immediately under the tidal-flat surface. This under-saturated zone
is where the soldier crabs can build horizontal tunnels roofed by discard pellets (pustular
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structures) that will not collapse. The surface of the tidal flat lower than levels of mean springtide does not sufficiently drain to be used effectively by soldier crabs. In general, the water
table at low tide here falls to levels < 10 cm below the surface, or remains at the surface, and
the construction of horizontal tunnels roofed by discard pellets will fail because the sand is too
water-saturated. There needs to be a degree of drying out of the tidal-flat sand for the
successful construction of horizontal tunnels roofed by coherent discard pellets.

In this

context, very low gradient tidal flats that are poorly draining, with a water table at the surface
during low tide, i.e., saturated (or wet) tidal flats) tend not to support soldier crabs. On the
other hand, tidal flats with shoals (in shoal-and-depression complexes) tend to be soldier crabs
habitats because the shoals are freely draining due to their relative relief above the surrounding
tidal flat.

The upper tidal limit for the occurrence of soldier crabs is determined by a range of factors,
including salinity and sediment moisture content. High salinities adversely impact the soldier
crab osmoregulatory ability (Barnes 1967). Sand that is too dry, i.e., with low pellicular water
content, affects the soldier crab filtration-feeding process (Quinn 1983), and prevents
tunnelling and pelletising. In their habitat, soldier crabs have not been found in sediments with
pellicular water salinity greater than ~ 44 ppt, or with groundwater salinity greater than
~ 45 ppt, and require a pellicular water content of > 16 %. Where soldier crabs inhabit hightidal sites (viz., Site 1 and Site 12), where normally high-tide conditions result in hypersaline
groundwater and pellicular water (> 50 ppt, and locally in excess of 150 ppt; cf. Semeniuk
1983), the conditions of lower groundwater and pellicular water salinity and sediment moisture
content conducive to the development of soldier crab habitats result from fresh-water seepage
or marine water seepage diluting the hypersalinity and increasing the sediment moisture
content.

Across sand flats, salinity and pellicular water content change with decreasing inundation and
increasing evaporation, factors that will eliminate the crabs. As a result, soldier crabs are
eliminated from high-tidal environments by “saline and dry” conditions. However, high-tidal
environments can support soldier crabs if the “saline and dry” conditions can be ameliorated by
fresh-water seepages and seawater seepages. In these cases, soldier crabs can occur at the
levels of the highest tide.

5.12.3 Substrate requirements of the soldier crabs
Given that the Western Australian soldier crab can inhabit tidal environments from low-water
neap-tide levels to high-water spring-tide levels, and occur in groundwaters and pellicular
waters of salinity 27-45 ppt, the question arises as to what other abiotic factors determine or
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constrain their occurrence. Since there is a plethora of tidal habitats situated between MLWN
and ~ HAT that they could inhabit, the answer lies in understanding the anatomy of the soldier
crab, some of its physiological requirements, and its behaviour.

Features of the soldier crab such as its circular body, slender legs, and rotational burrowing
indicate that these crabs have developed anatomy and behaviour adapted to inhabiting
predominantly sandy substrates (to slightly muddy sandy substrates) rather than a muddominated substrate such as occurs under mangroves. Some mud content in the substrate may
be necessary to retain organic matter for their feeding.

In this study, soldier crabs appeared to prefer a specific grain size of fine to medium sand,
varying to a mixture of medium and some coarse sand, and sediment with a mud content of
< 8%, though generally with < 1% to ~ 5% mud. Mineralogical composition of sand appears
to make no difference to soldier crab occurrence.

There are three lines of evidence that indicate the sediment size range that soldier crabs prefer
or avoid. These are:

1. sediment samples from the twenty-five transects of the soldier crab habitat were a
medium to fine sand with the mud content mostly ~ 0.5 % to ~ 5%;

2. soldier crabs, in feeding in their natural environment (either in the subsurface in their
horizontal tunnels, or on the surface to produce discard pellets; cf. Unno & Semeniuk
2008) do not feed from mud or coarse sand, shell grit, or gravel, as they cannot
produce within their buccal cavity from such sediments the slurry from which they
extract their food (and then discard as pellets); as a consequence, from a sediment
perspective, soldier crabs are not found on muddy tidal flats, muddy mangrovevegetated flats, shell grit or shell gravel substrates, or rocky shores; and

3. the experimental blocks of exotic and natural sediments showed that the crabs totally
avoided the mud, muddy sand, shell grit, and fine shell gravel for the whole year, but
very quickly inhabited the locally-occurring (initially crab-free) sediment.

In mixed sand-and-mud tide-dominated systems, tidal level and wave and tide processes
produce a gradient of sand to mud from low tide to high tide, with mud content generally
increasing upslope on the tidal flat (Postma 1961; Semeniuk 1981, 2005). The increase in mud
content upslope will determine where soldier crabs occur along the tidal gradient. Within the
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framework of coastal forms presented in Figure 5-5, the preferred location of soldier crab
habitats in sand-dominated systems and sand-and-mud-dominated systems is shown in Figure
5-21.

On sandy wave-dominated shores that are partly wave-reflective and partly wave-

dissipative, muddy sediment tends to accumulate on low tidal flats and in the subtidal
environment.

Figure 5-21. Soldier crab occurrence along the different shores shown in Figure 5-5.

5.12.4 Soldier crabs, mangroves and salt marsh
Soldier crabs can inhabit zones of open mangrove shrub, or mangroves formations with
partially closed canopy, as long as the substrate is sandy, has minimal mud, appropriate
moisture levels and groundwater and pellicular water salinity. Also, the crabs must be able to
burrow between any pneumatophores, cable roots and root hairs. This observation was one of
the unexpected outcomes of the regional surveys, as traditionally, soldier crabs are viewed as
inhabitants of low tidal flats, and generally are not associated with the interior or margins of
mangrove environments.

In the high-tidal zones, near levels of HAT, if the sandy substrate, moisture levels, and salinity
are appropriate, soldier crabs also can inhabit zones of the sea couch Sporobolus virginicus, if
the grass is not too dense.

5.12.5 Habitat requirements of the soldier crab
In its habitat, the soldier crab in Western Australia requires a number of conditions: 1. a sandy
substrate within which they can create cavities; 2. a sand that drains of water at low tide,
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retaining sufficient pellicular water so that the crabs can burrow horizontally, creating a
pelletised roof that will not collapse; 3. a sand that is wet enough for extraction of food
particles by micro-slurrying; 4. sand with enough organic matter of mud-sized grade for the
latter to be a viable food source; 5. sand with a low enough content of mud-sized mineral
matter so that interstitial water can readily flow, entraining food particles, into the subsurface
cavities when the crabs are submerged (see Fig. 10B of Unno & Semeniuk 2008); 6. when the
crabs are emergent, sand that can readily be harvested into the buccal cavity from the damp
surface to extract the pellicular water and its entrained mud-and-organic-matter slurry (a higher
mineral-matter mud content, and in particular, mud comprising clay-sized phyllosilicates
would result in bonding of water onto the clay particles); 7. groundwater and pellicular water
of sufficiently (relative) low salinity so as not to physiologically stress the crab (i.e., < 45 ppt);
and 8. sand that is not extremely mobile.

High-energy, wave-dominated environments, or macrotidal environments where megaripples
are mobile, as well as creating a relatively unstable substrate where the subsurface cavities of
the crabs would not survive, would winnow the sand free of any mud and its fine-grained,
organic matter. Furthermore, a mobile megarippled system, with a megaripple height of 10-20
(-30 cm) , whether generated by wave action or by tidal currents, would mobilise the sand to
that depth and hence entrain any soldier crab inhabiting the 0-15 cm depth interval into the
dynamic sand, and in the process, destroy their air cavity. Thus, on wave-energy and tidalenergy considerations, megarippled sand is not a soldier crab habitat.

These requirements eliminate, therefore, the following environments as possible soldier crab
habitats:

1. rocky shores and bouldery shores, axiomatically, because there is nowhere to burrow
and no food source to pelletise;
2. steep sandy beaches between MSL and HWS, because such beaches drain tidal
groundwater so rapidly that the environment becomes too dry for the crabs, and the
pellicular water of the environment commonly becomes too saline;
3. muddy environments because there is not the opportunity to micro-slurry the surface
sediment into pellets to extract food particles;
4. dense mangrove-vegetated environments with muddy substrates because there is not
the opportunity to micro-slurry the surface sediment into pellets to extract food
particles;
5. dense mangrove-vegetated environments and salt marsh environments with sandy
substrates because the abundant roots and root hairs hinder horizontal burrowing;
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6. high-tidal sand flats, without fresh-water seepage, because the groundwater and
pellicular water are too saline, and the substrates become too dry during neap tides;
7. all strongly wave-agitated and tidally-dynamic sandy environments because the sand is
mobile to depths varying from several centimetres to decimetres, with development of
plane beds and megaripples which disrupt the air cavities of the crabs; in such
environments the crabs would have to spend the high tide buried in sand without an air
pocket (effectively being placed in the equivalent of a subtidal environment); and
8. low-tidal sand flats below MLWN that are permanently waterlogged (with a very
shallow water table at low tide), as at low spring tidal level; such flats do not allow the
crabs to build pellet-roofed horizontal tunnels, and being too waterlogged, these types
of structures would collapse.

Against the backdrop of the range of pellicular water content, pellicular water salinity, and
groundwater salinity that M. occidentalis can tolerate, summarised earlier, the requirements of
the Western Australian solder crab result in the following environments as habitats:

1. relatively low-energy, sandy low-tidal flats of fine-medium sand, between MSL and
LWN, where the tidal groundwater table falls to ~ 10-20 cm deep;
2. relatively low-energy, sandy high-tidal flats of fine-medium sand, between MSL and
HWN, where the tidal groundwater table falls to ~ 10-20 cm deep and groundwater and
pellicular water salinity, and pellicular water content are maintained because of fresh
water and seawater seepage;
3. relatively low-energy, sandy high-tidal flats of fine-medium sand, between HWN and
HWS, where the tidal groundwater table falls to < 10 cm deep, and groundwater and
pellicular water salinity, and pellicular water content are maintained because of fresh
water and seawater seepage;
4. relatively low-energy, sandy, high-tidal sand slopes of fine-medium sand, at ~ HAT,
where groundwater and pellicular water salinity, and pellicular water content are
maintained because of fresh-water seepage;
5. moderate-energy, sandy tidal sand flats of fine-medium sand, seaward of steep sandy
beaches at ~ MSL where groundwater and pellicular water salinity, and pellicular
water content are maintained because of seawater seepage from the beach face into the
base of the beach slope;
6. moderate-energy, lower part of a sandy beach at ~ MSL where groundwater and
pellicular water salinity, and pellicular water content are maintained because of
seawater seepage from the beach face into the base of the beach slope;
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7. moderate-energy, low-gradient beach of fine-medium sand, at ~ MSL to MLWN where
groundwater and pellicular water salinity, and pellicular water content are maintained
because of seawater seepage from higher on the beach face (the upper slope of the
beach does not receive such prevailing seawater seepage and dries out);
8. low-energy, low-gradient shores of fine-medium sand, at ~ MSL to MHWS, adjacent
to or within zones of mangroves, particularly where groundwater and pellicular water
salinity, and pellicular water content are maintained because of fresh-water seepage.

The partitioning of the shore profile in mesotidal and macrotidal settings into reflective
(relatively steep) beach and dissipative (low gradient) shore is an important one in the
development of soldier crab habitats. The configuration of the slopes, as a response to the
development of a wave-reflective shore and a wave-dissipative shore, the sediment types
therein responding to the wave energy, and hydrological storage and discharge (leading to
varying degrees of seawater discharge from the beach face) develop two potential soldier crab
habitats. The zone of seawater discharge at the base of the steep beach face has the potential to
develop a narrow habitat for the soldier crab, either immediately at the base of the slope, or in
the low tidal flat immediately adjoining it (the upper, more steeply inclined, more waveagitated zone of the beach slope will be coarser in sand grade and steeper in gradient and
subject to greater groundwater discharge and water table fall, and hence will not be the
preferred habitat for the soldier crab). Aside from the effects of the seawater discharge from
the beach face, the low-gradient shore seaward of it may be a relatively lower wave-energy
zone, comprising a shoal-and-depression complex within which there will be local shoals and
depressions that develop habitats for soldier crabs. Thus the low-gradient dissipative shore
seaward of the reflective beach with shoals and depressions will be another preferred habitat
for the soldier crab.

In summary, for soldier crabs, high-energy coasts tend to be winnowed free of sediment, and
hence are too rocky, or if sand-dominated, the sediment is too mobile. At the other extreme,
low-energy coasts tend to be too muddy. Coasts of intermediate-energy settings comprise lowgradient sand flats, or sand-and-mud environments. The sand substrates or the slightly muddy
sand substrates of such coasts are the preferred habitat of the soldier crab. However, it is
important to note that low gradient flats, particularly in microtidal settings, even if sandy, do
not readily drain of tidal waters, and tend to be water-saturated at low tide (wet flats) - these
also are not preferred soldier crab habitats.

While extensive tracts of open rocky or a sandy coasts may be of a high-energy nature and
generally depauperate of appropriate habitats, some soldier crab habitats develop in very
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localised, low-energy, sheltered environments therein, such as embayments, lagoons, tidal
creeks, or the interior of strand plains. This leads on to an explanation of the distribution of
soldier crabs along the Western Australian coast.

5.12.6 Distribution of habitats and soldier crabs along the Western Australian coast
Several factors work in conjunction to determine the regional occurrence of soldier crab
habitats, and hence soldier crabs themselves, along the north-western Australian coast. These
are: wave energy, coastal type, sedimentary regime, and temperature. Factors determining the
regional occurrence of M. occidentalis in Western Australia as related to each of the coastal
tracts delineated in Figure 5-8 are summarised in Figure 5-22.

The northern biogeographic boundary of the Western Australian soldier crab is abrupt,
delineated by King Sound. As noted earlier, the tidal flats therein are mud-dominated from
levels of MLWN to HAT, and the low tidal flats, where dominated by sand, are extremely
mobile, with dynamic megaripples that rework the substrate daily on spring tides to depths
sufficient to eliminate soldier crab habitats. Thus, as extensive as it is, King Sound, as a tidally
high-energy, sand-and-mud system, is largely not a suitable area for the development of soldier
crab habitats; it forms a natural sedimentological barrier to the northern occurrence of
M. occidentalis. Another species of Mictyris occurs at the north-eastern extremity of King
Sound (at Shirley Island; see Figure 2), and extends across the Kimberley Coast into the
Northern Territory.

The southern biogeographic boundary of the Western Australian soldier crab in the Monkey
Mia area also is relatively sharp. The general absence of the soldier crab within the Shark Bay
region outside of the Monkey Mia area appears to be determined by habitat availability and
temperature, and provides interesting insights into the determinants for soldier crab occurrence.
Several environmental factors combine to exclude soldier crabs over much of Shark Bay.
These are: wave-energy conditions, sandy sediment grain size, mud content of sediment,
development of algal mats linked to salinity, development of shell pavements, water-saturated
conditions on low-gradient tidal flats, salinity, and sea temperatures.
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Figure 5-22. The presence and absence of soldier crab habitats, and soldier- crab occurrence
within the biogeographic range of Mictyris occidentalis explained in terms of wave energy,
coastal types and shore types, substrates, and salinity.
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While lack of shelter, poor drainage and unsuitable sediment grain size exclude the occurrence
of soldier crabs in most of the Shark Bay coastal habitats, as described earlier, regional seatemperatures may also have an effect.

Temperature is known to limit activity

for M. longicarpus (Kelemec 1979), and if such experimental information could be applied
to M. occidentalis, then it follows that temperature can be a regionally-limiting factor. Satellite
thermal imagery produced by the National Oceanic and Atmospheric Administration (NOAA)
shows, at times, differences in sea surface temperatures between Freycinet Reach to the west
and Hopeless Reach to the east, with the eastern area generally being warmer. This difference
is caused by an intrusion of warmer water from the southward-trending Leeuwin Current that
in winter appears to impinge on the north-eastern coast of Peron Peninsula, including the
Monkey Mia area. The warmer water generally does not fully penetrate into the southern parts
of Shark Bay as far as Hamelin Pool. This limited warm water intrusion into Hopeless Reach
may explain the local occurrence of M. occidentalis in the Monkey Mia area, and even though
such warm water occasionally may penetrate into Hopeless Reach further south than the
Monkey Mia area itself, there are no suitable substrates for soldier crabs to inhabit. Warm
water also may penetrate into the northern parts of Freycinet Reach but, again, there are no
suitable substrates for soldier crabs to inhabit.

Besides sea temperatures, there are other differences between the western and eastern gulfs of
Shark Bay, with tidal frequency and tidal range being the most significant in relation to the
occurrence of soldier crabs. Tides are semi-diurnal and have a greater tidal range in Hopeless
Reach whereas they are diurnal with a lesser tidal range in Freycinet Reach (Burling et al.
2003). Every population of soldier crabs along the north-western coast of Western Australia
recorded in this study occurred within a semi-diurnal tidal regime, indicating the requirement
of low tidal periods for soldier crab activity. The effect of a larger tidal range exposing
suitable tidal flat environments thus providing a greater area for soldier crab habitat has been
discussed previously. The corollary is that sandy tidal environments that are microtidal and
have diurnal tides, and particularly those that are low-gradient, may not be ideal soldier crab
habitats.

South of Shark Bay, the absence of the soldier crab appears regionally to be determined mainly
by the types of coast lacking soldier crab habitat (there are extensive rocky shores and cliffs
along Edel Land and Zuytdorp Cliffs). These unsuitable coastal types appear to be a major
factor limiting soldier crab occurrence. There also is a lack of suitable habitat between
Zuytdorp Cliffs and Kalbarri, in the estuary of the Murchison River, and generally in the
islands of the Houtman Abrolhos.
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It would appear, therefore, that the Western Australian soldier crab is dominantly a tropical
species, with its southern extent delineated by temperature, but rather than temperature having
a gradual and sole effect in eliminating the species regionally, the southern biogeographic
boundary is sharp because of the lack of suitable habitats in western Shark Bay, and between
Shark Bay and the Murchison River estuary, and in the Houtman Abrolhos.

While these northern and southern boundaries to the distribution of the Western Australian
soldier crab are relatively sharp, the species is not continuous in its distribution within its
biogeographic range. There are large gaps in occurrence because there are no suitable habitats.
The high-energy sandy shores of the seafront of the Gascoyne River Delta, the limestone cliffs
in the Point Quobba region, and the western shore of the Dampier Peninsula exemplify this
(Appendix 1 and Fig. 5-8). The soldier crab habitat is best developed where there are sandy,
sheltered embayments, or sandy, sheltered local environments within more open coasts (i.e.,
sites of small-scale protection). There are various ways in which small-scale protection is
developed: in lagoons, in the axis or interior of tidal creeks, in the lee of rocky-knoll outcrops,
leeward of rocky barriers, in embayments oriented such that they are sheltered from swell and
wind waves, in the lee of low-relief, tidal-flat shoals, leeward of spits, and shoreward of
extensive seagrass banks that buffer/dampen wave energy (Fig. 5-8).

Soldier crabs also opportunise sandy high-tidal environments where fresh-water seepages and
ebb tide seawater seepages occur. Such seepages dilute the normally hypersaline groundwater
and pellicular water that would be present in the high-tidal zone, to replicate low-tidal
conditions in terms of salinity and moisture content. This provides another expression of the
variability of soldier crab habitat.

A summary of the key factors that eliminate or promote soldier crab occurrence is provided in
Figure 5-23.

The maps of Hearsons Cove and King Bay in Figures 5-19 and 5-20 are microcosms of the
patterns developed at the subcontinental scale across the Western Australian coast. They
illustrate the localised nature of soldier crab habitats. Hearsons Cove, for instance, has a
variable suite of tidal habitats, from rocky and bouldery shores, gravelly reflective beaches
grading to sandy reflective beaches, low tidal flats underlain by sand or slightly muddy sand,
mangrove-vegetated muddy sand, and alluvial sand, most of which are not soldier crab habitats
for the reasons of wave energy conditions, unsuitable (rocky) substrate, sand too coarse,
groundwater table at low tide too deep or too shallow, groundwater too saline, substrate too
muddy, or substrate packed with mangrove pneumatophores.

Soldier crab habitats are
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developed only in local areas where there is a co-incidence of conditions suitable for the
species (Fig. 5-23). King Bay presents a similar pattern: amidst rocky shores, muddy sand
flats, mangrove-vegetated muddy flats, and wave agitated sand flats, soldier crab habitats are
developed where there are locally protected shoals, relatively free of mud, that have become
emergent enough to have a groundwater table ~ 10 cm deep. Magnified, these principles of
development of the soldier crab habitats in Hearsons Cove and King Bay can be applied to the
occurrence of soldier crabs along the Western Australia coast.
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Figure 5-23. Flow diagram showing the main abiotic features that determine soldier crab
occurrence. The diagram is designed so that the range of features (grey tone) that
predominantly determine the soldier crab habitats are arranged along a central axis.
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CHAPTER 6
6. Population dynamics of the Western Australian soldier crab Mictyris
occidentalis (Unno, 2008) (Brachyura, Mictyridae) in the Dampier
Archipelago — 30 years of observations
6.1 Introduction
Soldier crabs, family Mictyridae Dana, 1851 (Brachyura), inhabit the Indo-Pacific region from
the Ryukyu Islands south of Japan to Australia, and comprise six described species: Mictyris
longicarpus Latreille, 1806; M. livingstonei H. Milne-Edwards, 1852, M. brevidactylus
Stimpson, 1858, M. platycheles McNeill, 1926 and, more recently, M. occidentalis Unno 2008
(cf. Unno 2008a) and M. guinotae Davie, Shih & Chan 2010 (cf. Davie et al. 2010).

Research to date on mictyrid crabs predominantly featured M. longicarpus and M.
brevidactylus (also M. guinotae), and occasionally M. platycheles. The majority of these
studies have been on physiological aspects of the crab such as salinity tolerance (Barnes 1967),
water uptake (Quinn 1980), locomotion (Sleinis & Silvey 1980), their visual abilities (Kraus &
Tautz 1981), feeding mechanisms and behaviour (Quinn 1983; Takeda & Murai 2004), lungs
(Maitland & Maitland 1992), hormones (Shih 1997), chitosan membranes (Chen et al. 2006),
and heavy metal accumulation (Yeh et al. 2009). Several papers describe either the effect of
some environmental factors on soldier crab behaviour (e.g., temperature [Kelemec 1979], or
sediment type [(Rossi & Chapman 2003]), or the effect of soldier crab behaviour on the biotic
or abiotic environment (e.g., their effect on meiofauna [Dittmann 1993; Sadao 2002], or on
sediment irrigation, benthic metabolism, and nitrogen fluxes [Webb & Eyre 2004]). Other
topics of soldier crab research have included taxonomy and biogeography (Alcock 1900;
McNeill 1926; Takeda 1978; Ng et al. 2008), the interaction between soldier crabs and fiddler
crabs (Takeda 2010), larval development (Cameron 1965; Fielder et al. 1984; Fukuda 1990),
reproduction (Nakasone & Akamine 1981; Takeda 2005), M. brevidactylus population densities
(Shih 1995), M. longicarpus swarm abundance (Dittmann 1998), and swarming behaviour
(Cameron 1966).

Population dynamics of soldier crabs, in general, have not been adequately studied due to
incomplete knowledge of the behaviour and autoecology of the crab, particularly the
partitioning of the population into surface or emergent groups termed “swarms” and a
subsurface component, and hence incomplete sampling of all size classes. There are logistical
difficulties involved in sampling a species that lives infaunally at both low tide and high tide
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for the majority of its life-cycle, and occupies environments difficult to access, often in severe
monsoonal climates. Also, the rapid burrowing escape mechanism of the crab renders it
difficult to sample and may result in spurious results in abundance estimates, as discussed in
Chapter 4 and Unno, 2008b.

The Western Australian soldier crab, Mictyris occidentalis, has been studied here (Chapters 3,
4 & 5; Unno 2008b; Unno & Semeniuk 2008 & 2009), involving autoecological investigations
as to its ichnological patterns, its responses to different sampling strategies, and
characterization of its habitat and distribution of populations along the Western Australian
coast (Fig. 6-1A). Further to these studies, this present chapter describes the population
dynamics of M. occidentalis in King Bay, in the Dampier Archipelago of north-western
Australia (Fig. 6-1B & 6-1C), a location where they have been consistently present for decades,
with annual observations and sampling spanning a period of 30 years from 1980 to 2010,
making this the longest study in Australia of a non-commercial marine crustacean species.
King Bay is the type locality for M. occidentalis (Chapter 2 & Unno 2008a).

Detailed population sampling and mapping of the Western Australian soldier crab at King Bay
in the Dampier Archipelago, Western Australia was first undertaken between 1980 and 1988.
A second stage detailed sampling programme was undertaken at King Bay between 2001 and
2002 and again in 2004. This chapter combines the results of the 1980s data with the more
recently collected data in a comparative analysis of abundance, size classes, recruitment
patterns, gender ratios and surface versus subsurface populations. Such information on the
long-term population dynamics of the Western Australian soldier crab combined with the
understanding of its ecology described by Unno (2008b) and Unno & Semeniuk (2008, 2009) is
a step towards describing and understanding the life cycle of this species.

It is worthwhile to review some background information on the autoecology of the Western
Australian soldier crab, including its distribution, habitat and behaviour, in order to develop a
context for the population dynamics of this species as described in this Chapter, and to place
the sampling strategies of this Chapter into perspective.
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Figure 6-1. Nested set of location diagrams of the study site in King Bay and in Western
Australia. The zone of shelter for Mictyris occidentalis Unno, 2008 crabs in southern King Bay
is circled in Inset C.
6.2 Autoecology of the Western Australian soldier crab

The Western Australian soldier crab, Mictyris occidentalis, has a biogeographical range from
Shark Bay to the eastern coast of Dampier Peninsula, covering subtropical arid to tropical arid
to semi-arid climates. It is endemic to this region, and is the only mictyrid species occurring
within this range (Fig. 6-1A). The crab inhabits a wide variety of large-scale coastal settings,
including barred lagoons, tidal creeks, delta strand plains, tidal flats and beach/dune shores, and
limestone barrier coasts. At the local scale, within a given coastal tract, M. occidentalis
inhabits a wide range of sheltered (low wave energy) stable sandy habitats that include: tidalcreek banks; shoals or point bars; tidal-delta shoals; shoals leeward of spits; low gradient
sloping beaches; sheltered areas of sand on limestone pavements; sheltered areas amongst rock
on sandy beaches; shore parallel shoals; low-mid-high tidal sand flats; localized sand flats
shoreward or seaward of mangroves; and sand flats amongst mangroves, between the Mean
Low Water Neap (MLWN) and Mean High Water Spring (MHWS) tidal levels (Chapter 5 &
Unno & Semeniuk, 2009).
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The abiotic environmental factors determining whether a soldier crab population will
consistently inhabit a given area are: wave energy (which influences the stability and mud
content of substrates); frequency of inundation; substrate of fine to medium sand, with minor
mud and some organic carbon content; a shallow water table at low tide; some pellicular
moisture; and a groundwater and pellicular water of circa marine salinity (cf. Unno &
Semeniuk, 2009 for a more comprehensive description of the soldier crab habitat). In terms of
behaviour and lifestyle, depending on their age, soldier crabs exhibit cryptic and emergent
phases. They reside for the majority of their life cycle in the subsurface as benthic inter-tidal
infauna, i.e., the cryptic phase, and then, at or near sexual maturity, they emerge in large
numbers at low tide, i.e., the emergent phase. Soldier crabs roving over the tidal flat surface
while feeding, appear as a “swarm”, or an “army”. Individual adults, however, may not emerge
for every swarm occurrence, but remain in the subsurface for some low tidal periods.

Unlike most other inter-tidal crustaceans, e.g., Scopimera (the sand bubbler crab), or Uca
species, soldier crabs do not have permanent burrows but reside in subsurface air-bubble
cavities, which are slightly larger than the size of the crab. During a high tide (either diurnal or
nocturnal), when the substrate is water-saturated, the crabs maintain the subsurface air-bubble
cavity, continuing their feeding activities interspersed with rest periods. In their cavity, the
crabs may migrate in horizontal or vertical directions, and travel at varying rates from 15 cm in
several hours when feeding, to 30 cm in less than a minute when escaping from predators (for
large adult crabs). During a low tide (either diurnal or nocturnal), the crabs may be mobile in
sub-surface cavities or feeding in horizontal shallow near-surface tunnels (Unno & Semeniuk,
2008).

M. occidentalis produces a complex range of ichnological products, linked to the stage of its
life cycle (ichnology being the study of bioturbation and other faunal traces; Frey 1975; Ekdale
et al. 1984; Bates & Jackson 1987).

These have been described in detail and termed

“workings” by Unno & Semeniuk (2008). Surface workings (axiomatically done at low tide),
are very useful (in studying population dynamics) as proxy indicators of crab life stage and
behaviour, and also for mapping the distribution of the soldier crab in the habitat. For example,
the size of the sand pellets in tunnel workings indicates juvenile (small pellets) or adult (large
pellets) crabs are present in a particular area. An exit hole with eruption structures in the
vicinity of a (re-entry) rosette structure denotes emergence of a crab followed by its re-entry
into the substrate. The presence of an extensive area densely covered with discard pellets is
evidence that a swarm has occurred. Extensive areas of pustular structures without exit holes,
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indicate that the crabs have undertaken feeding in horizontal shallow tunnels, close to the
surface, without emerging.

For Mictyris occidentalis, there are changes in behaviour effected during the life stages of the
crab, and concomitant complexity of ichnological products (Fig. 6-2). In their infaunal juvenile
stages, soldier crabs exhibit relatively simple behaviour and, though mobile, they are largely
confined to the upper 10 cm layer of sediment producing pustules and shallow surface-parallel
tunnels. Juveniles may be briefly visible in a crater structure on the freshly exposed tidal flat
surface, directly after a high tide, as they rebuild their air cavity (as distinct from emergent
behaviour in swarms). The variation in their density temporally reflects their mobility in the
subsurface and their removal by predators (Unno, 2008b). When the crabs have matured to the
extent that they emerge in swarms, complex behaviour results in more diversity in ichnological
products. There also may be partitioning of the population in terms of size classes and sex both
for the complement that emerges and for the complement that remains infaunal. When swarms
occur, which is a day-time event, they are dominated by adult males, plus a small proportion of
adult females and some sub-adult males, with most females and all juveniles remaining in the
subsurface.

Figure 6-2. Idealized diagram shows increasing complexity of crab behaviour as Mictyris
occidentalis Unno, 2008 passes through its life stages (Unno & Semeniuk, 2008). A,
diagrammatic representation of activities of the soldier crab with respect to three life stages; B,
example of the increasing complexity of crab behaviour reflected in its ichnological products.
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Soldier crabs display considerable variation in their daily activity patterns both in the timing
and extent of their workings on the sediment, or of their emergences. Different areas of tidal
flat within the habitat may be worked on different days, or there may be heavy workings during
one low tidal period and no workings on a subsequent low tide. And even though it may be the
season of swarms, i.e., the population is dominated by sexually mature adults, emergences may
or may not occur during a given low tidal period. Emergences may be restricted to small
scattered groups of 10-20 adults and these localized swarms may begin at different times during
the same low tidal period, or there may be swarms of hundreds to thousands of adults and some
sub-adults en masse across the whole habitat.

As with Mictyris longicarpus (Kelemec 1979), there are colour changes in the dorsal carapace
of M. occidentalis depending on age and moult stage. Juvenile recruits and young immature
crabs are semi-transparent to blue-brown, respectively. Sexually immature adults in the size
range of 4-7 mm are dominantly blue-brown. Sexually mature crabs, particularly males, which
tend to be sexually dimorphically larger than females, in the size range of 7 mm to 15 mm are
blue grey to bright blue. Sexually mature female crabs tend to be in the size range 6 mm to 12
mm and are largely blue-grey.

6.3 Description of study site
The study site is located at King Bay (Fig. 6-1B), in the Dampier Archipelago (Semeniuk et al.
1982) along the Pilbara Coast (Semeniuk 1996). This region has a tropical arid climate, with a
mean annual rainfall of circa 300 mm and a mean annual evaporation of 3400 mm. Air
temperatures range from a mean maximum of 30.6°C to a mean minimum of 22.7°C while the
mean winter sea temperature is 22.5°C and the mean summer sea temperature is 28.5°C. Mean
annual humidity (3 pm) is 51%. Tides are semi-diurnal and macrotidal, with a mean spring
tidal range of 3.7 m and a mean neap tidal range of 0.9 m (Chapter 5 and Unno & Semeniuk
2009).

King Bay is a deep, v-shaped embayment in the Dampier Archipelago. It comprises several
distinct tidal zone environments, including rocky shores, limestone pavements, mud flats, sandy
environments (flats, bars, shoals), and tidal creeks (Semeniuk et al. 1982), and all soldier crab
habitats occur in a re-entrant in southern King Bay that is partly protected by rocky headlands
(Unno & Semeniuk 2009). While over time from 1980 to 2009 soldier crabs have been
observed to occur in a range of sandy habitats in southern King Bay, viz., from tidal creek
shoals, low relief shore-normal linear bars and shore-parallel linear bars, and the shoals of an
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ebb-tidal delta (Unno & Semeniuk, 2009), only the ebb-tidal delta developed at the mouth of a
tidal creek has been consistently inhabited by the crab and this site is the subject of this chapter
(Fig. 6-1C).

Within the ebb-tidal delta there are two sand shoals (the western shoal and the eastern shoal;
see Fig. 6-3A), both anchored by copses of mangroves. Aerial photography shows that these
mangrove-vegetated shoals have been in existence for at least 70 years. Soldier crabs have
been directly observed for the past 30 years inhabiting the shoals. The crests of the mangrovevegetated shoals stand some 50 cm above the general level of the tidal flat and are 20-30 m in
length and 10 m wide, forming local low-relief “barriers” to the wind waves that derive from
the mouth of the Bay and dissipate across the tidal flat. Soldier crabs generally inhabit the
leeward side of the two shoals, semi-protected from these wind-waves, but at times when
population numbers are high, they extend from the leeward side of the western shoal across the
sand flats connecting the two shoals to the leeward side of the eastern shoal. In contrast, on the
more exposed windward side of the western shoal, in spite of the fact that the tidal levels are
the same, there has been an absence of soldier crabs over the same 30 year period. The critical
factor in maintaining the soldier crab habitats is the subtle protection from wind waves by these
shoals and their mangrove copses (Unno & Semeniuk, 2009).

In their habitat at King Bay, soldier crabs occupy the low gradient surfaces between MLWN
and Mean Sea Level (MSL), where the frequency of flooding is 51-65%, groundwater salinity
and pellicular water salinity are ~ 39 ppt, sediment moisture at low tide is 29%, modal sediment
grain size is 125 µm (fine sand), sediment mud content is ~ 3%, and organic matter content in
the mud is 12-16% (Unno & Semeniuk 2009).
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Figure 6-3. Maps of the workings of Mictyris occidentalis Unno 2008 in southern King Bay during the 1980s and 2000s. A. areas for all the workings that
were mapped during the 1980s for two years; B. workings mapped in July 1982; and C. workings mapped in January 2004. The various parts of the two
shoals as mentioned in the text are labelled as A, B, C, D, and E.
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6.4 Methods

Information on the soldier crab life cycle, ichnology, and behaviour is a prerequisite to
designing appropriate sampling.

The complexity in their behaviour, the partitioning of

populations, and the response to sampling-induced perturbations have been investigated in
Chapter 4 and Unno, 2008b, to help design appropriate sampling techniques. These sampling
techniques are applied in this study.

Various field, laboratory, and data analyses were used in the course of this study and are
described below.

6.4.1 Distribution of soldier crab population and sampling site selection within King Bay
In the 1980s the extent of soldier crab workings (population distribution), was mapped over
numerous consecutive low tidal periods and this was repeated in the early 2000s for comparison
with the prior results. The abundance and size class results in this chapter are derived from
random sampling in areas of persistent population density on the margins of the mangrovecolonized shoals of the ebb-tidal delta (see Chapter 4 & Unno 2008b for description of
sampling methods). During the 2000s, in addition to mapping the extent of workings, the mean
densities of workings were determined using ten randomly placed 1 m2 quadrats at a time.
Density of workings was ranked according to a percentage cover scale as follows (Unno &
Semeniuk 2008, 2009): dense: 100-50% cover; medium: 49%-10% cover; and sparse: < 10%
cover.

6.4.2 Sampling intervals
The soldier crab populations at King Bay were sampled at four levels of temporal detail.
Firstly, the absence/presence of the populations, as noted by their workings, or by their
swarming, was recorded annually between 1980 and 2010 to confirm that the population was
still extant. This was carried out because, in contrast, other soldier crab habitats within King
Bay (and elsewhere in the Dampier Archipelago; and other sites in Western Australia) were not
always annually populated by soldier crabs. At the next level, the crabs were sampled four
times per year to determine seasonal abundance and seasonal population structure; this
occurred for nine years in the 1980s, and for two years between 2001 and 2002. At the third
level of detail, the crabs were sampled monthly for four years between January 1983- March
1987 to determine juvenile recruitment patterns. At the fourth and most detailed level, the
workings and/or swarming of the crabs were mapped semi-diurnally over several days in 1982
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and 2004, to document the variation in cryptic behaviour (reported in Unno & Semeniuk, 2008)
and to document the variation in emergences of the crab. This mapping was also accompanied
by box-coring (see below) to determine infaunal crab abundance to complement the mapping
information (Chapter 3 and Unno & Semeniuk, 2008; Chapter 4 and Unno, 2008b).

Initially, the soldier crabs at King Bay were sampled four times per year for the first three
years, but when it appeared that juvenile recruitment patterns were variable, sampling was
undertaken on a monthly basis for several years to document the onset, and continuation of
juvenile recruitment. A summary of sampling protocol is provided in Table 6-1.

6.4.3 Sampling for whole-of-population density and size classes
As described in Chapter 4 and Unno (2000b), sampling methods were tested in the field to
determine a reliable and practical method of quantitative collection, given soldier crab
behavioural characteristics. Methods tested included vibratory pipe-coring, use of liquid
nitrogen, and box coring, with the last being the preferred method for reliable sampling of
soldier crabs. Box coring involved pushing a 25 cm x 25 cm metal box core into the sediment
to a depth of 15 cm. Sediment was then rapidly extracted from the box interior, sieved through
a 1 mm mesh and the crabs collected with forceps, counted and measured. A minimum of five
box cores were randomly placed at low tide in areas where soldier crab workings were present
(Unno, 2008b), and swarming had not occurred, but depending on crab density, sometimes up
to twenty box cores were excavated to obtain enough crabs for reliable population sizing (~100
individuals). All abundance and size class results presented in this study were determined by
subsampling the whole of the population, unless otherwise specified.

6.4.4 Sampling the infaunal crabs during the emergent (swarming) phase
Several sampling events were undertaken to compare the characteristics of the infaunal
population component and the emergent population component during the emergent phase of
the crab’s life cycle. Firstly, box core sampling of the infaunal population was undertaken
before a swarm had emerged to obtain a representative subsample of the whole population and
to include all size classes. On the next low tidal period, box core sampling of the infaunal
population underneath a swarm was undertaken after the swarm had emerged and moved away
from the area (ensuring that none of the swarm had re-entered the sediment in the sampling
zone). Both these sampling procedures provided comparative information on the abundance
and size class of the crabs that were infaunal prior to a swarm emerging, and the abundance and
size class of the crabs that had remained infaunal when their siblings emerged to form a swarm.
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Table 6-1
Summary of sampling objectives and sampling periods with regard to the standing
population of the crab, Mictyris occidentalis Unno, 2008 at King Bay, Western Australia
Objectives
absence/presence of population

Sampling periods
annually in the period 19802010

Data collected
observations during the year of
every year between 1980-2010 of
the occurrence of population

seasonal abundance and
population structure

four times per year between
1980-1987 and 2001-2002

abundance of crabs, and size
classes

abundance and population
structure, especially juvenile
recruitment

monthly for four years
between 1983-1987

abundance of crabs, and size
classes

temporal and spatial variation in
population distribution within
habitat by mapping

daily for 1 week at a given
sampling time during1980s
and 2004 (carried out ~ 20
times)

maps of workings; documentation
of swarming events

temporal and spatial variation in
population distribution within
habitat by box-coring

daily for 1 week at a given
sampling time (carried out
~ 5 times)

variation in abundance of crabs
spatially and short-term
temporally (reported in Unno,
2008b)

comparison of population
structure of cryptic and
emergent crabs

opportunistically for several
sampling times when swarms
appeared

size classes
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6.4.5 Harvesting emergent crabs during the emergent (swarming) phase
During a swarming event, and penecontemporaneously with the sampling of the infaunal crabs
as described above, emergent crabs were harvested from the surface with 3 or 4 collectors
working simultaneously, each focusing on a section of the swarm. Every crab in a targeted
section was collected regardless of their size (i.e., not just the largest crabs being selected) until
100-200 crabs had been collected.

6.4.6 Size classing of the crabs
Crab carapace length (CL, see Fig. 2 of Unno, 2008a) was measured with vernier calipers with
precision of 0.1 mm. Since a 1 mm mesh was used to harvest crabs from the box cores, at times
a minority of the smallest crabs captured may have had carapace lengths < 1 mm, since body
size, legs and chelipeds contribute to the ensnaring of individuals on the mesh. Very small
crabs < 0.9 mm were not reliably caught on the mesh and so in this study all crabs with
carapace length ≤ 0.9 mm and 1.0-1.9 mm are aggregated into the same size class of “juvenile
recruits”. The size class nomenclature follows Unno (2008b) but has been refined in this
chapter: post-settlement stage (CL ≤ 0.9 mm up to 1.9 mm); juvenile and subadult stage (CL 25.9 mm); adult stage (CL ≥ 6 mm and usually sexually mature adults).

6.4.7 Sex classing of the crabs
The sex of crabs was determined by noting the presence or absence of gonopods under the
abdominal flap, and also by observing the adult cheliped (stout with a large tooth on the inside
of the moveable finger in the male, and slender with no tooth in the female). The sex of crabs <
4 mm CL was difficult to determine, and was left undifferentiated. Population sizes with
respect to sex were therefore only determined for crabs of sizes ≥ 4 mm.

6.4.8 Ovigerous females
During sampling either by box core or collection of swarms,, the occurrence of ovigerous
females was recorded, not as a dedicated study but opportunistically, so that later recruitment
phases (possibly) could be related to these occurrences.

6.4.9 Data analyses
The mean abundance and standard deviation were determined for each sampling event in terms
of numbers of crabs per box core (625 cm2) which were then converted to a value of crabs per
m2. Results of crab carapace length were grouped into size classes of 1 mm intervals for
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constructing size class frequency histograms. For four years, the percentage of the juvenile
recruits (i.e., size class < 0.9 mm and 1-1.9 mm) within a population was calculated and
frequency graphs over time constructed to determine the onset, and continuation of juvenile
recruitment for a given year.

Where temporal sampling showed some large standard deviations (SDs) about the mean
abundances, a Student’s t-test was carried out on independent pairs of means with significantly
overlapping SDs in order to resolve whether the mean abundances were statistically similar or
dissimilar. The data were compared using a one-tailed t-test with equal or unequal variance, as
appropriate, and with p < 0.05 as the threshold significance level. In all, 7 pairs of mean
abundances with markedly overlapping SDs were treated with individual, unrelated t-tests (i.e.,
no statistical inference is being made about the whole of population and therefore the
cumulative possibility of Type I error in multiple t-tests does not apply [Siegel 1990]).

6.5 Results

The results of this study are presented in terms of the stability of the soldier crab occurrence in
King Bay, the variation in distribution of workings in 1982 versus 2004, as a measure of
stability of soldier crab population occurrence, the temporal variation in population density for
the periods 1980-1987 and 2001-2002, the population structure of the crabs for the periods
1980-1986 and 2001-2002, the occurrence of juvenile recruitment phases during the period
1983-1986, the occurrence of ovigerous females, estimates of soldier crab growth rates and
sexual maturity, the partitioning of population size classes into cryptic and emergent
components, and the partitioning of sexes in the population during the emergent phase.

6.5.1 Stability of the soldier crab occurrence in King Bay
As noted previously, the ebb-tidal delta shoals in southern King Bay have been in existence for
at least 70 years, but ecological observations and sampling on the shoals only commenced in
1980. Soldier crabs have been observed to occur within this habitat every year for 30 years,
providing a measure of the reliability that soldier crab populations will annually inhabit this
location, and providing a surrogate measure of the stability of the habitat itself.

In contrast, soldier crabs were not consistently present from year to year in other locations of
the Dampier Archipelago, or even elsewhere in King Bay (Fig. 6-1C). For instance, sites KB
#3 and KB #4 of Unno & Semeniuk (2009), and the shore-normal shoals within King Bay have
not consistently supported soldier crabs every year, and Sites #12, #13 and #14 of Unno &
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Semeniuk (2009) elsewhere in the Dampier Archipelago, viz., Hearson Cove and Withnell Bay,
respectively, have not consistently supported soldier crabs. For KB #4 and the shore-normal
shoals in King Bay, and Sites #12 and #13, the habitats themselves were not even present from
year to year. The linear shoals on which soldier crabs reside can be dispersed into sand flats by
storms or by wave action thus sedimentologically eliminating the soldier crab habitat in a given
year. Sites #14 and KB #18 of Unno & Semeniuk, (2009) are sedimentologically stable from
year to year, but do not necessarily support soldier crabs annually.

In this context, the ebb-tidal delta at southern King Bay has provided a consistent soldier crab
habitat and soldier crab occurrence for several decades.

6.5.2 Variation in distribution of workings 1980s versus 2004
A distribution pattern of all soldier crab workings on the ebb-tidal delta, encompassing
occurrences over two years (1981-1982) as determined by daily and monthly mapping, is shown
in Fig. 6-3A, with an enveloping surface showing the maximum area that the crabs inhabited on
the ebb-tidal delta in southern King Bay. Soldier crabs had not inhabited the sites of the
mangrove copses nor the upper parts of the sandy shoals above circa MSL. Their habitat
preference was the tidal flat between MSL and MLWN, along the margins of the shoal, which
approximately is parallel to topographic contours and to the crests of the shoals (the soldier
crabs also generally had not inhabited the higher energy margins of the tidal creek shown in
Fig. 6-3A, between MLWN and MSL, where tidal current flow and strong sediment mobility
precludes their establishment). As such, leaving aside the windward part of the western shoal,
and the high-energy margin of the tidal creek, their overall distribution is circumferential to the
shoals.

The distribution and variability of the crab workings over a two-day period on three
consecutive low tides in July 1982 and January 2004 are shown in Fig. 6-3B & 6-3C. For these
days, the crabs did not emerge in swarms, and the crab workings themselves did not show exit
holes and re-entry rosettes (Unno and Semeniuk 2008) indicating that any variation in location
of workings was not the result of crab emergence, migration, and then re-entry into the
subsurface in new locations, hence generating a new location of activity. Without emergence,
the variation of crab activity is the result of clusters or patches of crabs behaving variably in the
subsurface from site to site. In detail, there is variability from tide to tide and from day to day.
To facilitate description of the patterns, prominent spits and lobes of the shoals shown in Fig. 63B & 6-3C are labelled as sites (1), (2), (3), (4) and (5).
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In July 1982, the patches of crab workings extended as thin strips south-eastwards from spit site
(1) in the late afternoon of 21st July and 22nd July, though the strip on the latter date was
smaller. The area of workings inside the curve of the spit between sites (1), (2) and (3) appear
similar for each of the three low-tidal periods. The area of the workings between sites (1) and
(4) changed for each low tidal period, though there was some consistency in the occurrence of
workings to the west and south of site (4) and some consistency in the occurrence of workings
in local areas east of site (4). The workings east of site (5) remained in the same place, but
varied in overall area and to some extent in shape.
In January 2004, the patches of crab workings were mapped in the same area as in July 1982,
with respect to their extent and their density. The patches of crab workings again varied over
consecutive low tidal periods. The area of workings adjoining the shoal between sites (2) and
(3), triangular in shape, varied from being dense to sparse to dense over consecutive low tide
periods. Two small patches of workings (one medium, the other sparse) occurred north-east of
site (3) in the early morning of 7th January, but did not appear for the next two low tidal
periods. The area between the two shoals (i.e., between sites (1), (2), (3) and sites (4), (5)) had
variable occurrence of workings and variable density. The most extensive occurrence of
workings was on the morning of 8th January when there was a strip of workings of medium
density connecting the two shoals. The eastern shoal, incorporating sites (4) and (5), showed
crab workings that were largely circumferential to this shoal, but variable in extent and density
of workings. The largest extent of workings was on the morning of 7th January when the area
north-east of sites (4)-(5) was covered in medium density workings.

In summary, the comparison of the mapping results of 1982 with 2004 showed the same
patterns of patchy occurrence that varied daily in extent (as evident in Fig. 6-3A that
amalgamates the mapping results of 1981-1982). The general consistency of occurrence of
workings, albeit different in detail, is evident in some areas: 1. that occurring to the west of the
shoal between sites (1) and (3); 2. the strip of workings between the two shoals (i.e., as a linear
strip between sites (2) and (4)); and 3. the workings east of site (5) which remained in the same
place, but varied in overall area and to some extent in shape.

The main difference in

distribution of workings in 2004, was the appearance of workings to the south-east of site (5)
on the shoal margin.

6.5.3 Temporal variation in population density
The abundances of soldier crabs at the study site varied in density inter-annually, and intraannually. Within any given year, crab population numbers were relatively low during the period
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of March and April, prior to the influx of juvenile recruits, and at their maximum generally
during the period of September, October, and November (Fig. 6-4).
Over the period 1980-1987, the maximum mean density was ~ 616 crabs/m2 in November 1982,
and the minimum mean population density recorded was ~ 40 crabs/m2 in July 1980. The
fluctuation of mean density of crabs within a given year, i.e., between maximum mean
population density and minimum mean density was variable, from a difference of ~ 80 crabs/m2
(in 1980) to a difference of ~ 500 crabs/m2 in 1982. The fluctuation of density of crabs interannually, and intra-annually was related to the period of juvenile recruitment and to the mature
adult stage of the population (see later). Population densities were similar between 1980 and
1982, with a marked increase in population numbers and sustaining of these high numbers
recorded between mid 1982 to 1984, followed by a decrease to a similar level of population
numbers from mid 1984 to early 1987. Average abundance over the entire seven years was ~
290 crabs/m2 and although this figure is artificial given the large intra-annual fluctuations in
abundance, it is useful for comparison purposes (see later).

The results of the quarterly sampling show some large standard deviations about the mean
abundance (Figs. 6-4 and 6-5). Student t-tests showed that while some means during times of
peak population density may appear to be statistically similar, comparison of peak and trough
means showed significant differences and were therefore real maxima and minima in
population density. The means of the crab density for July and November 1982 sampling, for
instance, were significantly different, thus the November 1982 maximum was a genuine
maximum in population density. Comparison of crab population densities in the latter part of
1985 and in 1986 for minimum and maximum density (for instance, between low densities of
March/June 1984 and peak densities of September/December 1984, and between low densities
of March 1985 and peak densities of June/September 1985) did not have significantly
overlapping standard deviations and represent different means in population density. Results of
the t-tests are shown in Table 6-2.
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Figure 6-4. Abundances of Mictyris occidentalis Unno 2008 at the study site during the period July 1980 to January 1987 determined on a quarterly basis
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Figure 6-5. Abundances of Mictyris occidentalis Unno, 2008 at the study site during the period
2001-2002 determined on a quarterly basis.

Table 6-2
Results of Students t-tests comparing the mean abundances of Mictyris occidentalis Unno,
2008 which have markedly overlapping standard deviations
Comparison between
df
Interpretation
Peak/Trough
sampling times
p < 0.05
peak-peak
peak-trough
peak-trough
peak-peak
trough-peak
peak-trough
peak-trough

Nov-1980
Feb-1981
Jan-1982
Jul-1982
Mar-1984
Dec-1984
Jul-2001

Feb-1981
May-1981
Mar-1982
Nov-1982
Dec-1984
Mar-1985
Oct-2001

0.334692
0.012112
0.000318
0.000563
0.000252
0.015789
0.034836

135
93
285
845
211
204
205

Same mean
different means
different means
different means
different means
different means
different means

The abundance results from the period 2001-2002 (Fig. 6-5) showed the same patterns: interannual fluctuation in density of crabs related to higher abundance in periods of recruitment and
lower abundance in the mature adult stage of the population, and maximum mean population
densities were in the range of 520-540 crabs/m2. This was lower than the maximum numbers
recorded in the1980s, although average abundance over the entire two years was ~ 270
crabs/m2 which was similar to that in the 1980s.
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6.5.4 Population structure
Histograms of the size structures of the crab populations are based on sampling while crabs
were sub-surface (i.e., no crabs were emergent, even though the population may have been in
its emergent phase of its life cycle), so that the size structures are a subsample of the whole
population.

As such, these population size structures reflect age structures of the whole

population and not just emergent crabs. The histograms of the size structures of the crab
populations sampled four times per year in the periods 1980-1987 (Fig. 6-6) and 2001-2002
(Fig. 6-7), as well as the graphs in Fig. 6-8 and the histograms in Fig. 6-9 show population
structures typical of juvenile recruitment-based population maintenance (cf. Semeniuk and
Wurm, 2000). For most of a year, the histograms are unimodal. Juvenile recruits dominate the
population from July-September, and the modal size of the population progressively shifts until
mature crabs (size class 9 mm and 10 mm) dominate the population in March-April. There is a
period in June-July, when recruitment is beginning, with the appearance of crabs in the size
classes < 0.9 to < 1.9 mm, and the histograms reflecting age structure become bimodal, with a
lower proportion of the mature adults than juveniles. Within several months, however, the
mature adults are absent, and the population is dominated by juvenile recruits and young
immature crabs in the size range 2 mm to 4 mm. This pattern is recurring for most of the years
of sampling.

The sexual dimorphism expressed in the size differences between the adult males and adult
females means that size class histograms do not necessarily directly reflect age stage of the crab
population in the upper size ranges. Fully mature adult males are in the size range 7 mm to 15
mm, often with a mode centred on 10 mm, while concomitantly fully mature adult females will
be in the size range 6 mm to 12 mm, with a mode centred on 8 mm. Thus, without the data on
sex ratios, a histogram showing crab sizes in the range 7 mm to 15 mm, with a mode centred on
10 mm may be interpreted that most of the adult component of the population has reached a
modal size of 10 mm, but in fact, the different genders will have their own modal sizes as
described above.
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Figure 6-6. Size classes of Mictyris occidentalis Unno 2008 sampled on a quarterly basis for the period July 1980 to November 1986.
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Figure 6-7. Size classes of Mictyris occidentalis Unno, 2008 sampled on a quarterly basis for
the period July 2001 to December 2002.
6.5.5 Ovigerous females
Nine years of opportunistic data suggest that ovigerous females occur in low numbers
throughout most of the year with some variability in presence or absence in any particular
month. However, a maximum of 90% ovigerous females was recorded in February 1987 and
another minor peak of 56% egg-carrying females in May 1984. There appears to be a general
absence of ovigerous females in November and December of each year, and ovigerous females
were axiomatically absent in those months such as August 1983 and 1984 and July 1985 when
the population consisted wholly of juveniles. Ovigerous females did not appear in swarms.

6.5.6 Juvenile recruitment phases
Monthly sampling over four years showed that juvenile recruitment (i.e., the influx of
individual of size classes < 1 mm and 1.0-1.9 mm) commenced in different months in different
years, and was sustained to varying extent over several months for a given year (Fig. 6-8),
comprising as high as 70% of the population (June 1985) within a given month to as low as 25% of the population (May and August 1984). In 1983, it commenced in June, and was
sustained until November, but reached a major peak in July, and a secondary peak in October.
In 1984, it commenced in March, and was sustained until October, and similar to 1983 patterns,
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there were two peak recruitment periods, one in June and another (equivalent peak) in October.
In 1985, juvenile recruitment commenced in May, reaching a major peak in June, and it was
sustained at a moderate level for seven months until November. In 1986, recruitment
commenced in June, with a major infusion of juveniles, and then a progressive decrease until it
ceased in November.

Fig. 6-8 shows that while there is a generally sustained influx of juvenile recruits over the
period May to November of each year, commencement and cessation of recruitment is variable
and may be earlier or later for a given year. In addition, the density of recruitment varies
annually and inter-annually. However, for the four years of monthly data collection, June is
when juvenile recruitment is at its peak. The patterns from 1985 and 1986 show the extent that
juvenile recruitment is sustained at moderate to high levels from June to October.

The

implications are that sexually mature adults will be derived from these recruits, and swarms of
sexually mature adults can be sustained for several months over the year.

Recruitment patterns derived from the quarterly sampling in the 2001 and 2002 repeated the
1980s pattern with major recruitment recorded in July and October and no juvenile settlement
in December.

Figure 6-8. Juvenile recruitment as a percentage of the Mictyris occidentalis Unno, 2008
population sampled monthly over the period June 1983 to December1986.
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6.5.7 Estimates of soldier crab growth rates and sexual maturity
Monthly histograms of age structure over the period 1983-1987 (Fig. 6-9), provide information
for estimating soldier crab growth rates in the natural environment. From the progressive shift
in the mode of the population size over time in the histograms, it was determined that soldier
crabs grow at a rate of 1 mm / month during their juvenile phase, up to the first five to six
months. After that, generally, for a number of the histograms, the modal signature becomes
less obvious as predation and mobility factors affect the clear unimodal patterns. While this
study did not focus on the breeding activity of M. occidentalis, it was noted that the smallest
size class in which ovigerous females were observed was 6.0-6.9 mm.

Given juvenile

settlement in June, and a growth rate of 1mm/month, the female crabs would reach sexual
maturity in October of the same year.

The maximum adult male size recorded in this study was 15.0 mm CL and the maximum adult
female size was 12.0 mm CL, although crabs of this size were rare.

6.5.8 Partitioning of population size classes into cryptic and emergent components
The population structure histograms of crabs present in the subsurface prior to swarming show
a complete range of sizes from juvenile to adult (Fig. 6-10). In contrast, the histograms of
surface crabs during swarms and of subsurface crabs under those swarms, show that there is a
partitioning of size classes with larger size classes occurring on the surface, and juvenile crabs
and smaller adults remaining infaunal. The conclusion that there was partitioning in size class
and in sexes was corroborated in that no very immature or juvenile crabs were present within
numerous observed swarms, and that the swarms themselves were dominated by relatively large
blue adult male crabs. The histograms of soldier crab population for four swarm episodes show
the following patterns (α, β, γ and δ in Fig. 6-10):

1. whole-of-population size structure derived from sampling infaunal crabs before
swarming, generally showed continuous unimodal or discontinuous bimodal patterns,
with crabs dominated by either adults, or juveniles;
2. emergent crabs were generally in the size range of 7-12 mm and swarm histograms
showed a continuous unimodal pattern sometimes skewed to the left;
3. while crabs were emergent, those remaining infaunal showed unimodal or bimodal size
class patterns, but with the size classes of the swarm largely absent;
4. the infaunal crabs beneath a swarm were dominated by immature crabs; there were
some mature adults that were equivalent to sizes in the swarm, that had remained
infaunal while their siblings were swarming.
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6.5.9 Partitioning of sexes in the population during the emergent phase
The ratio of males to females in populations containing sexually mature adults was on average:
1 : 1.6 for the whole population. When adults emerge for swarming there tends to be a
predominance of males. The ratio of males to females in an swarm varied from 2 : 1 to 150 : 1,
showing that a majority of females remain infaunal during the swarm (Table 6-3). The ratio of
males to females emerging in an swarm can vary even in the same low tidal period at different
locations and over different days within the same week. As such, variation in the male to
female ratio is not seasonally determined.

Table 6-3
Ratio of males to females in swarms of Mictyris occidentalis Unno, 2008 at King Bay,
Western Australia
Date

23 February 1984
1 April 1984
30 May 1984
10 October 2001
2 January 2002

Ratio of
male :
female
3:1
3:1
5:1
6:1
3:1

Date

26 April 2002
7 January 2004
11 April 2004 6.30 am Site C
11 April 2004 8.30 am Site E
12 April 2004 7.30 am Site B to C

Ratio of
male : female
1:1
13 : 1
2:1
29 : 1
150 : 1
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Figure 6-9. Size classes of Mictyris occidentalis Unno, 2008 sampled on a monthly
basis for the period June 1983 to March 1987. Continuous lines through the histograms
highlight examples of the monthly growth of single cohorts.
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Figure 6-10. Partitioning of size classes of Mictyris occidentalis Unno, 2008 during the swarming phase showing pre-swarm population structure, and the
population structure of the swarm and the crabs that remained in the subsurface, for three sampling periods.
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6.6 Discussion and Conclusions

King Bay is a significant site for population studies of M. occidentalis due to its long-term
habitat stability. Comparison of patterns of distribution, abundance and population structure
between the 1980s and the 2000s confirms that the soldier crab population in King Bay has
largely remained stable over the 20 years between the sampling periods.

In detail, however, density of crabs in the habitat did change intra-annually with recruitment,
death, and predation, and inter-annually. A major feature in the population density for the
1980s was the inter-annual increase in soldier crabs in the period between 1982-1984 as
compared to the previous period of 1980 to 1982 and the later interval from 1985-1987 (Fig. 64). Generally such a population increase is caused by proximal factors such as an increase in
food supply or a decrease in major predators, or a beneficial change in abiotic habitat factors
such as temperature or salinity. The causative factors underlying the increase in soldier crab
abundance are unknown, however, an exceptionally strong El Niño Southern Oscillation event
occurred between 1982 and 1984 (Glynn 1988) and ENSO events are known to reduce the
warming effect of the Leeuwin Current on sea temperatures along the Western Australian coast
(Pearce 1997) and may have had an effect on the soldier crab larvae survival and settlement
success.

The large standard deviations of the mean abundances reflect the variation in population
density, varying very locally at a given time in relation to crab mobility, from approximately a
thousand infaunal crabs to several hundred crabs in a square metre during the occurrence of
peak population density to a variation very locally of a couple of hundred to a few tens of crabs
in a square metre during times of low population abundance.

It essentially reflects the

patchiness of crab occurrence regardless of whether the population is in a stage of high density
or low density.

There is very little work on quantitative abundance of soldier crab populations available in the
literature with which to compare the results of M. occidentalis. The only work was Shih (1995),
in northern Taiwan, who found peak densities of M. brevidactylus to be 110-226 crabs/m2 with
annual densities of 110-133 crabs/m2 but this was only for crabs measured with respect to > 4.0
mm carapace width (not length) and not for all class sizes as were sampled in this study. Thus,
the study by Shih (1995) is not comparable to this study.
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With seven years of data in the 1980s, and corroborated with that from the early 2000s, the life
cycle of M. occidentalis has been determined by intra-annual changes in population structure.
Recruitment to the population is by juveniles only. Migration is ruled out as a source of
recruits because the extensive tidal flat areas surrounding the soldier crab habitat in King Bay
are free of soldier crabs (Semeniuk et al. 1982; Unno & Semeniuk 2009). To some degree, the
population structure of M. occidentalis largely follows traditionally established patterns for
many invertebrate fauna, i.e., juvenile recruitment followed by incremental growth of
individuals leading to the mode of the histograms generally shifting towards the larger size
during the year, with a bimodal pattern emerging with the next period of juvenile recruitment
(Potter & de Lestang 2000; Semeniuk & Wurm 2000). However, in detail, there are departures
from traditional patterns in that there are multiple juvenile recruitment events within the year.
There is an extended period of juvenile recruitment for up to 7 months of a given year between
May and November and, while different from year to year in detail, the main influx of juveniles
usually occurs in June with occasionally other minor peaks in August or October. Each
juvenile influx results in a clear mode in the size-class histogram, with a progressive shift of
this mode in time as the crabs increased in size. However, the population structure patterns
become complicated several months after the recruitment period as the various juvenile
recruitments coalesce. That is, while some juvenile influxes can be clearly traced in time as a
progressive shift in the mode within the size class histograms, even though there has been a
continuity of juvenile recruitment over several months (though not at the same rate of influx),
the later larger size classes are not always traceable to a particular juvenile cohort.

There have been no published studies of recruitment patterns for M. longicarpus. While
Dittmann (1998) did not find ovigerous females on the surface during studies of the emergent
phase for this species, Cameron (1966), presumably with excavations, noted the continuous
monthly presence of ovigerous females for the whole year.

This implies continuous

recruitment for M. longicarpus.

While the recruitment patterns of M. brevidactylus (Japanese occurrences of this species were
recently re-assigned to M. guinotae by Davie et al. 2010) in Japan also have not been studied in
detail, the reproductive cycle of the female crab has been described, with Nakasone & Akamine
(1981) and Takeda (2005) finding only one breeding season of ovigerous M. guinotae females
from December to February. In more detail, Shih (1993, 1995) described M. brevidactylus in
Taiwan as having three periods in its annual reproductive cycle: 1). pre-reproductive (October
to December); 2). reproductive (ovigerous) from January to April; and 3). non-reproductive
(May to September). Shih (1995) notes that juvenile settlement first appears in mid-April
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which, assuming zoea were released at the end of January (Nakasone & Akamine, 1981),
suggests a 1 month incubation period for the eggs, and implies an approximate 3 month larval
stage before settlement.

Assuming a similar length of larval stage, the females of M.

occidentalis must be continually ovigerous at least from February to August in order to account
for the long period of juvenile recruitment from May to November in the region. Field
evidence in fact, shows ovigerous females present from January to October.

Of the species of the genus Mictyris Latreille, 1806 mentioned above, M. guinotae and M.
brevidactylus occur in the Northern Hemisphere while M. occidentalis is in the Southern
Hemisphere, yet all commence breeding in December-February (Table 6-4). However, there
appears to be a more continuous period of ovigerous females with M. occidentalis and possibly
M. longicarpus, extending for 10 months of the year, than for the other species.

Few studies document the growth rates of soldier crabs. Data provided by Shih (1995) on mean
carapace width (not length) of juvenile crabs for the first 6 months suggest that M.
brevidactylus has an average growth rate of carapace width of 0.8 mm/month for the first 4
months and 0.2 mm/month for the next 2 months. In this study, carapace length was measured
and, as such, the results are not comparable to Shih (1995). The carapace length of M.
occidentalis grows at approximately 1 mm/month for the first 5-6 months (influx of juveniles
over several months means the temporal mode shift of the population structure is not cleanly
related to growth of the first recruits after 5-6 months), and thus the juveniles in the 1.0-1.9 mm
size class will reach the reproductive adult size class (~ 6.0 mm carapace length) within 4
months. Similarly, Nakasone & Akamine (1981) found that females of M. guinotae (formerly
referred to M. brevidactylus) are sexually mature at 5.5 mm carapace length. The sexual
maturity of Mictyris males is more difficult to determine (as, axiomatically, they do not carry
egg masses to signal their reproductive status), however, for M. occidentalis surface swarming
is the province of sexually mature adults, predominantly males, with sexually immature
smaller-sized males remaining infaunal. While an occasional male < 6.0 mm in size is found in
a swarm, most emergent phase crabs are ≥ 6.5-7.0 mm in carapace length. Thus sexual maturity
of M. occidentalis in this study is determined by crab size.
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Table 6-4
Times of year when females of various Mictyris Latreille, 1806 species are ovigerous
Species
Ovigerous females present
M. guinotae
December-February (Nakasone & Akamine, 1981; Takeda 2005)
M. brevidactylus
January-April (Shih 1993, 1995)
M. occidentalis
January-October
M. longicarpus
January-December (qualitative data only from Cameron 1966)
The natural lifespan of M. occidentalis has not been determined but the growth rate of recruits
and the maximum size recorded in the histograms show most large adults do not survive beyond
a year. Whether this is due to high predation rates or natural death is uncertain. The largest
crab found in the study, a male of 15 mm CL, was most likely older than 12 months. In
contrast, Nakasone & Akamine (1981), describe M. brevidactylus (now referred to M. guinotae)
as 0 year, 1 year and 2 year old crabs.

An important result from this study shows that the subsurface whole-of-population of M.
occidentalis partitions into emergent and subsurface components during swarm events (Fig. 610). During the life stage when adult crabs may be emerging to swarm, infaunal, whole-ofpopulation crabs in a pre-swarm situation may consist of several size classes: settlement
juveniles, post-settlement juveniles, immature adults and sexually mature male and female
adults. Emergent crabs were predominantly adult males, generally in the size range of (6-) 7-14
mm, while crabs remaining in the subsurface during a swarm were juveniles, young adults still
in their cryptic phase, a proportion of adult females, and very few adult males. This is
corroborated by the fact that immature crabs are rarely observed within the swarms (Fig. 6-10).
Sampling only surface swarms (Dittmann 1998), and not accounting for the partitioning of the
population into an emergent swarm and a subsurface component, may not capture the age
structure of the whole population but only the structure and gender composition of (adult maledominated) swarms.

During swarm events, M. occidentalis populations partition not only by size class between
surface and subsurface components, but also by gender in that generally more males than
females emerge to swarm (varying in ratios from 2 : 1 to 150 : 1). In contrast, the male to
female ratios in pre-swarm populations during the emergent (adult) phase of the population
history only vary from 1 : 1 to 1 : 1.6.

The specific results of the population dynamics of M. occidentalis from King Bay may not
necessarily be applicable elsewhere in Western Australia. Unno & Semeniuk (2009) show M.
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occidentalis occupying a variety of habitats in north-western Australia, and its population
dynamics in these settings may be different in detail in relation to breeding times, length of
recruitment times, and growth rates.

However, some general principles derived from this study may be applicable to other Mictyris
species globally and in Australia, i.e., that the immature stages of M. occidentalis are largely
infaunal in a cryptic phase, and the late stage adult is the swarming or emergent stage. The
long breeding season for the populations, i.e., with continuous presence of ovigerous females,
generates a concomitantly extended period of juvenile recruitment which, in time, results in
extended periods of swarming for the mature adult stages. This pattern of life stages involving
different cohorts, and their progression during the year, are described and explained as Stages I
to V in Fig. 6-11.
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Figure 6-11. Life cycle of the Mictyris occidentalis Unno, 2008 soldier crab from Stage I to
Stage V, i.e., from reproduction between sexually mature adults to settlement of larvae to
infaunal cryptic juvenile crabs. Numbering of the Stages begins at I for sexually mature adults
because fertilisation of male and female gametes through mating essentially begins the
ontogeny, i.e., life cycle, of a given cohort.
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CHAPTER 7
7. Concluding Discussion
This study of the autoecology of M. occidentalis has provided many novel insights into soldier
crab ecology from which numerous significant principles have been derived including:

•

biometric data are very useful in elucidating subtle species differences in cryptic
species complexes

•

ichnological products are effective proxy indicators of the behaviour and life stage
of cryptic benthic species

•

autoecological knowledge is necessary to design accurate sampling programs

•

knowledge of abiotic habitat factors allows the application of habitat models to
rapidily assess the possible presence/absence of organisms in an area

•

long-term (decadal) population studies show patterns of population stability and
recruitment which may not be apparent in shorter studies.

•

autoecological studies are necessary for sound conservation and management

These ideas and how they were derived from the studies in the thesis are discussed in more
detail below.
7.1 Taxonomy
The description of M. occidentalis as a new species highlights the world-wide issue of cryptic
species-complexes which are an on-going problem in taxonomy. The enormous number of
specimens collected by pre 20th Century explorers led to logistic difficulties in describing type
species resulting in morphologically apparently similar species being “lumped” into the one
taxon. Some of these species-complexes, particularly in the mictyrid group of brachyuran
crabs, are now being re-examined by current researchers (Unno, 2008; Davie et al., 2010; Unno
& Semeniuk, 2011). Although there is continuing discussion amongst biologists regarding the
definition of a species (Mallet 1995), the generally held concept of a species includes
morphological and genetic differences as distinguishing criteria.

Biometric analysis to
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establish morphological difference, as carried out in this thesis, is considered by this author to
be a primary and important method for species determination superseding genetic analysis in
accuracy at this time.

Molecular sequencing can be a useful aid in conjunction with

morphological studies as Ng et al. (2010) suggest. Finding suitable mictyrid DNA or RNA
sequences for accurate phylogenetic determination of mictyrid species is a promising area for
future research.

7.2 Ichnological patterns
Though there is a perception that soldier crabs are common on the tidal flat surface, the
Western Australian soldier crab in fact spends most of its life cycle in-faunal in sandy tidal
environments and produces a complex of ichnological products depending on its life stage, and
its semidiurnal activity. However, though largely infaunal, the crab manifests many signatures
of its life stages and behaviour through its ichnological products which assist in identifying its
habitats and in studying its life history.

Understanding these ichnological patterns is an

effective proxy indicator of crab behaviour and life stage. In this study, up to 16 different types
of ichnological products were identified that are specific to a life stage, or to a particular
behavioural mode: back-filled burrows, cavities, circular pustular structures, clots, craters,
dactyl prints, discard pellets, eruption structures, excavation pellets, exit holes, hollow shafts,
linear pustular structures, mat pustular structures, rosettes, scrape marks, and surface-parallel
tunnels (with their floors and roofs). The ichnological products are the result of the crabs
working the sediment at different stages of their life cycle, whether or not they emerge, and
their working of the sediment at different times of the tide. In broad temporal terms, soldier
crabs have three phases to their ichnological behaviour corresponding to their life stages.
Newly arrived (post larval settlement) recruits and juvenile crabs are cryptic, and develop
sediment surfaces strewn with clots. Crabs in the early to middle stage of their life cycle also
are cryptic, and develop subsurface air-cavities for use during the high water, and subsurface
air-cavities and sediment surfaces covered in pustular structures during low water. Adult crabs
exhibit cryptic and emergent phases, and develop the most complex range of ichnological
products. They form subsurface air-cavities for use during the high or low water, and during
low water they develop sediment surfaces covered in pustular structures, exit holes, dactyl
prints (sometimes), discard pellets, and re-entry rosettes. Mapping of crab activity and the
boundaries of their workings at various scales showed variability in crab behaviour as to:
whether adult crabs emerged or not; whether or not working of the sediment surface took place;
where in the habitat emergences or subsurface workings took place; and whether the crabs were
actively moving through the substrate, or feeding, or inactive, all within their air-cavities in the
subsurface. Similar variability in crab behaviour was observed in the aquarium. The study of
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crabs in the aquarium showed a direct correlation between field and aquarium ichnological
patterns, and the aquarium observations provided explanation of the field results.
Comparison of the ichnological products of M. occidentalis with the limited descriptions of
those of other Mictyris species (Cowles 1915; Takeda & Murai 2004) shows many similarities,
e.g., the horizontal shallow tunnelling producing the isolated and merging pustular structures,
the exit holes and re-entry rosettes, the discard pellets, and the subsurface air cavities. It would
appear, therefore, that the ichnological behaviour of Mictyris is a characteristic of the genus
and largely a genetic trait, most likely as a result of adaptation to a vagile infaunal lifestyle
within a sandy tidal flat substrate. One other intertidal crab, Dotilla myctiroides, constructs
pustular structures and subsurface air cavities, similar to Mictyris (Takeda et al. 1996) and this
appears to be a case of convergent evolution due to occupying similar habitats, however, the
former does not appear to produce many of the other ichnological products peculiar to Mictyris.
On the other hand, the complexity and variety of ichnological products of M. occidentalis and
other Mictyris species are unlike many other crab genera, such as Uca spp., Scopimera, and
Sesarma (Fielder 1970; Allen & Curran 1974; Crane 1975), reinforcing the notion that the
production of characteristic ichnological products by Mictyris is a generic trait.

7.3 Designing sampling methods for the complex soldier crab organism
A significant part of this study was to test sampling styles to determine that soldier crabs were
being sampled effectively. This was because during initial sampling for this study it was
apparent that soldier crabs attempted to avoid capture by rapid burrowing escape behaviour. A
focus on sampling styles further showed that soldier crabs were challenging marine organisms
to sample as they did not fit neatly into established faunal behavioural categories. In fact,
information on the soldier crab life cycle, ichnological products, and behaviour is a prerequisite
to designing appropriate sampling, involving the consideration of the study objective (what to
sample), temporal factors (when to sample), spatial factors (where to sample) and sampling
method (how to sample). Because they are largely infaunal for most of their life cycle, soldier
crabs may be either relatively sessile or quite vagile within the substrate, and epifaunal
(emergent) for late stages of their life cycle, and they also exhibit population partitioning, based
on sex and size classes (when there are mixed cohorts). This partitioning of the population has
implications for studies of population dynamics that involve abundance and population
structure. Clearly, emphasis on sampling while the crabs are emergent (forming so called
“armies”), with the assumption that the whole population emerges will result in spurious
population results. For example, since it is mostly adult males that emerge in swarms, and
mainly females and juveniles that remain in the subsurface, incorrect sampling can result in a
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bias in sex ratios in population studies and a bias in age structure of the population. Even when
infaunal and mobile, soldier crabs also present challenges to sampling in that they can vary in
abundance laterally and vertically in a short time, and they can respond to prolonged sampling,
or to researcher-induced perturbations during sampling, by burrowing downwards to avoid
being collected (resulting in potentially spurious data with respect to their depth of occurrence
and abundance). Knowledge of soldier crab autoecology is also necessary when designing
experiments involving these organisms, particularly for experiments in aquaria, because soldier
crabs are not subtidal crabs and if kept submerged without regular periods of exposure, or not
provided with the correct organic material within the substrate on which they feed, their rate of
survivorship will be determined by inherent physiological constraints rather than the
experimental treatments.

7.4 A habitat model for the Wesern Australian soldier crab
The study of the habitats of the Western Australian soldier crab across its entire biogeographic
range produced some interesting and important results. The species clearly transcends a range
of environments from tropical, semi-arid to sub-tropical, arid climates, microtidal, macrotidal,
to extremely macrotidal ranges, in different regional coastal systems, and in various large-scale
coastal units such as barred lagoons, semi-protected beach/dune shores, and tidal creeks and
lagoons in deltaic complexes and limestone barrier coasts. Locally, the species inhabits a
variety of smaller-scale coastal units (or habitats), including point bars, sloping beaches, shoreparallel shoals, tidal-delta shoals, tidal-creek shoals, tidal-creek banks, sand flats at low neaptidal levels to mean sea level, mid- to high-tidal sand flats, and in discrete areas it may occupy
sand flats up to the level of high-water spring tide and near the highest astronomical tide. The
species also inhabits sand flats behind mangroves, and locally may occur on sand flats within
mangrove vegetation.

The most significant factors determining soldier crab habitats are

relatively stable, low to moderate wave-energy environments (so that their subsurface air
cavities are not continually disrupted), exposure during low tides so that they can swarm and
carry out shallow horizontal tunnelling without tunnel collapse, and sandy substrates
comprising fine to medium sand that can be pelletised.

At the smaller scale, habitat

requirements are sediments with generally < 8% mud content, some organic carbon content, a
water table generally 10-15 (-20) cm below the surface at low tide, sand damp enough during
low tide so that the surface can be tunnelled without collapsing, and/or pelletised, i.e., a
pellicular water content generally > 16%, groundwater and pellicular water that is less than
hypersaline and, if located above MSL, a general absence of dense mangrove or salt marsh
roots that would otherwise hinder horizontal tunnelling. Above levels of mean low water neap
tide, tidal level is not a major factor. Though mostly found in low-tidal environments and
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above the level of mean low-water neap tide, if there are appropriate damp surfaces and dilution
of hypersaline groundwater and pellicular waters by marine water or fresh-water discharge,
soldier crabs can inhabit sandy environments from mean low-water neap tide to above mean
high-water spring tide, even to levels near the highest astronomical tide. Local stratigraphy
under the tidal-flat and coastal zones can determine soldier crab habitat in that it can
hydrologically influence delivery of seawater or fresh water to maintain the habitat moisture
levels and salinity. Microtopography within the habitat also can be important for determining
the distribution of the crab at finer scales by providing suitable moisture conditions for feeding,
tunnelling and other ichnological constructions.

The above-mention significant factors determining the soldier crab habitat provide a model
which can be applied to assess the likelihood of the presence or absence of soldier crabs in any
particular area of coastline. Initial sites can be selected using satellite imagery or aerial
photography to determine sheltered sandy areas, followed by site visits where the more local
habitat factors such as sediment grain size, mud content, etc., can be assessed.

7.5 Population dynamics
The study of the population dynamics of the Western Australian Soldier Crab provided some
significant results. In the first instance, it was a study with observations and/or sampling
spanning 30 years.

As such, it was the longest recorded study of a single inter-tidal

brachyuran population and showed long-term patterns such as the persistence of soldier crab
populations in stable, sheltered habitats. Mapping of workings, quarterly sampling, and
monthly sampling showed that the life cycle of M. occidentalis follows a cryptic subsurface
juvenile and immature adult (= adolescent) phase and an emergent adult phase. Sampling
over several years showed that the population densities were generally consistent for the early
1980s, late 1980s, and during the early 2000s, however, there were relatively high maximum
population densities for a period in the mid 1980s. The distribution of the population varied
spatially and temporally within the habitat over the study period. A notable feature to emerge
from the study was that juvenile recruitment occurs for an extended period between May and
November with the main influx of juveniles usually in June and occasional minor influxes in
August or October. It is this continuous progression of cohorts and their eventual attainment
of sexual maturity that results in the frequent occurrence of swarming adults visible at low
tide. Juvenile recruitment is followed by incremental growth of individuals at a rate of 1
mm/month, reaching sexual maturity in the first year at 6.0-6.9 mm carapace length (CL). In
adult populations, adult males are 4/5 larger than females with a maximum size of 15.0 mm
CL. Ovigerous females are in low numbers throughout most of the year, a trait shared with
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M. longicarpus but not with the Asian soldier crabs M. brevidactylus and M. guinotae which
appear to have shorter breeding periods. Study of the swarming of the crab showed that M.
occidentalis populations partition not only by size class with surface crabs being adults only,
and subsurface crabs mainly adult females and juveniles, but also by gender in that swarms
are male dominated in varying ratios. In general, other population studies of soldier crabs
(see Chapter 6), were not comparable in their results due to their shorter sampling periods
and incomplete sampling methods.

7.6 Conservation and management of soldier crab populations
The detailed data and information on biogeography, ichnology, population dynamics and
habitat characteristics provide a powerful basis to understand conservation issues and to design
management strategies for the protection and maintenance of M. occidentalis populations. As
important components of the middle trophic level, soldier crabs have valuable environmental
functions: they are food for nektonic animals (e.g. stingrays) and sub-aerial animals such as
larger ocypodid crabs and birds (Zharikov & Skilleter 2002); they stabilise substrate meifaunal
populations (Warwick et al., 1990; Dittmann, 1993); they are major bioturbators and aerators of
sediment (Sadao 2002); and they are involved in nutrient fluxes (especially nitrogen) in the
substrate (Webb & Eyre 2004).

There are a number of management and conservation implications deriving from this study
because, despite its apparent local abundance, M. occidentalis is a vulnerable native animal.
Endemism is the first factor in this vulnerability with M. occidentalis occurring nowhere else in
the World and Australia except along a single strip of the Western Australian subtropical to
tropical arid coastline.

Although the biogeographic range spans over 1000 kilometres of

coastline, the populations of M. occidentalis are limited to very local areas, so the distribution
is patchy, not continuous along the coast. Then, in those locations where soldier crabs are
present, the population is very habitat-specific and food-source limited, occupying narrow
zones in the intertidal environment determined by a limited range of abiotic factors (Fig. 5-23).
Soldier crab populations vary temporally and spatially within their habitat, from being locally
very abundant, to not being present at all for some years, depending on changes in physical
habitat or on recruitment success (because many of the habitats actually are not ideal and are at
the limits of soldier crab tolerances).

Threats to soldier crab populations include natural and anthropogenic impacts. Natural impacts
include destruction of habitat by cyclones and changes in wave climate (for instance, because
of migration of sand bars), by influx of mud from river floods or eroding tidal flat sediment,
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influx of sand-sheets, changes to the prevailing salinity, and fluctuating habitat characteristics
(i.e., the making and breaking of low tidal sand shoals).

Anthropogenic impacts include destruction of habitat by dredging, influx of mud from nearby
dredging operations, changes in wave climate by harbour modifications, groynes and
breakwaters, and changes to the prevailing salinity from on-shore perturbations of hydrology.
As such, because the soldier crab habitat requirements are very specific, the species will not
tolerate influx of mud from dredging, or removal of sediment by dredging, and cannot have
salinity altered or wave dynamics changed. Also, because of the nature of its feeding style, it
cannot sustain major oil spills or heavy metal pollution or mineral dust contamination due to
bioaccumulation (Yeh et al. 2009; Weimann & Batley 1994). Minor local impacts on soldier
crabs include harvesting as bait by fishermen and disturbance from tourism activities such as
vehicles and people trampling the habitat.
An important factor to consider in maintaining soldier crab habitats across Western Australia is
the need for protection/preservation of stable populations to undertake long term reliable
population dynamics studies beyond what is presented here and to study dispersion patterns,
settlement patterns, and phenotypic responses to environment (e.g., for M. occidentalis, the
King Bay variety versus the Broome variety versus the Shark Bay variety). In this context, in
terms of size of population and consistency of presence, King Bay is a major population centre
for M. occidentalis and therefore of conservation significance.

Due to the continuing

development of industry on the Burrup Peninsula adjacent to King Bay, and the vulnerable
nature of the soldier crab habitat, this area is of high concern for conservation of soldier crabs.
Other areas of concern include the Shark Bay population and the Broome population. The
Shark Bay soldier crab habitat is located less than 100 metres from the Monkey Mia Visitor
Centre and dolphin feeding area, and sustains increasingly high tourist traffic. Broome also is
an expanding tourist centre and development along the coast at Broome and Coconut Well may
impact the soldier crab population there.

Due to their ecology and behaviour, soldier crabs are a key indicator and biomonitor species for
assessing environmental impacts both physical and chemical. Their sensitivity to physical
changes in sediment characteristics can be an early warning of physical distubances and
changes in sedimentation or erosion in coastal areas where they are present. Their ability to
bioaccumulate chemical pollutants, particularly heavy metals, can be an indicator of coastal
pollution events. Finally, M. occidentalis as largely a semi-tropical to tropical species, is also a
climate change indicator, and the very detailed work carried out in this study at its southern and
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northern limits sets a baseline for its occurrence in the present climate. This can be used as a
yardstick against which future changes in climate can be measured by the expansion or
contraction of the boundaries of the crab’s biogeographic distribution if the species migrates
with climate change. Although soldier crab occurrence is patchy along the Western Australian
coast, the existing populations have been well mapped and expansion or contraction of the
biogeographic range can be rapidly confirmed. Such detailed data are unavailable for other
intertidal species.

303

CHAPTER 8
References
Ahsanullah M & Ying W 1993 Tidal rhythms and accumulation of Cadmium from water and
sediment by Soldier Crabs. Marine Pollution Bulletin 26: 20-23.
Alcock A 1900 Materials for a Carcinological Fauna of India No 6. the Brachyura Catametopa
or Grapsoidea. Journal of the Asiatic Society of Bengal 69 Pt 2 No 3: 383-384.
Allen E A & Curran H A 1974 Biogenic sedimentary structures produced by crabs in lagoon
margin and salt marsh environments near Beaufort, North Carolina. Journal of Sedimentary
Research 44(2): 538-548.
Ankar S, Andersin A-B, Lassig J, Norling L & Sandler H 1979. Methods for studying benthic
macrofauna - an intercalibration between two laboratories in the Baltic Sea. Finnish Marine
Research 246:147-160.
Arshad A, Efrizal, Kamarudin M S & Saad C R 2006 Study on Fecundity, Embryology and
Larval Development of Blue Swimming Crab Portunus pelagicus (Linnaeus, 1758) under
Laboratory Conditions. Research Journal of Fisheries and Hydrobiology 1: 35-44.
Australian Hydrographic Service 2009 Australian National Tide Tables: Australia, Papua New
Guinea and Antarctica. Australian Government Publishing Service, Canberra.
Avent R M 1975 Evidence for acclimation to hydrostatic pressure in Uca pugilator (Crustacea:
Decapoda: Ocypodidae). Marine Biology 31: 193-198.
Barnes R S K 1967 The osmotic behaviour of a number of grapsoid crabs with respect to their
differential penetration of an estuarine system. Journal of Experimental Marine Biology 47:
535-551.
Bates R L & Jackson J A 1987 Glossary of geology (3rd Edition). American Geological
Institute, Alexandria, Virginia.
Bathurst R G C 1967 Sub-tidal gelatinous mat: sand stabiliser and food, Great Bahamian Bank.
Journal of Geology 75: 736-738.
Bennett & Pope 1960 Intertidal zonation of the exposed rocky shores of Tasmania and its
relationship with the rest of Australia. Australian Journal of Marine and Freshwater Research
11: 182 - 221
Bezerra L E A, Dias C B, Santana G X & Matthews-Cascon H 2006 Spatial distribution of
fiddler crabs (genus Uca) in a tropical mangrove of northeast Brazil. Scientia Marina 70: 759766.
Boudouresque C F 1971 Methodes d’études qualitative et quantitative du benthos. Tethys 3:79104.
Breien H, Pagliardi M, De Blasio F V, Issler D & Elverhøi A 2007 Experimental studies of
subaqueous vs subaerial debris flows – velocity characteristics as a function of the ambient

304

fluid. In: V Lykousis, D Sakellariou & J Locat (eds), Submarine Mass Movements and Their
Consequences 3 International Symposium. Advances in Natural and Technological Hazards
Research Volume 27, pp 101-110.
Breitfuss M J, Connolly R M & Dale P E R 2004 Densities and aperture sizes of burrows
constructed by Helograpsus haswellianus (Decapoda: Varunidae) in saltmarshes with and
without mosquito-control runnels. Wetlands 24: 14-22.
Brown A C 1983 The ecophysiology of sandy beach animals. In: A McLachlan & T Erasmus
(eds) Sandy beaches as ecosystems. Boston, Dr. W. Junk. pp 575-605.
Brown A C 1990 The physical environment. In: A C Brown & A McLachlan, Ecology of
sandy beaches. Elsevier, Amsterdam. pp 5-39.
Brown R G & Woods P 1974 Sedimentation and tidal-flat development, Nilemah Embayment,
Shark Bay, Western Australia. In: B W Logan, J F Read, G M Hagan, P Hoffman, R G Brown,
P J Woods & C D Gebelein 1974 Evolution and Diagenesis of Quaternary Carbonate
Sequences, Shark Bay, Western Australia. American Association of Petroleum Geologists
Memoir 22, pp 316-340.
Bureau of Meteorology 1995 Climatic averages Australia. Department of the Environment,
Sport and Territories, Australian Government Publishing Service, Canberra.
Burggren W & McMahon B (eds) 1988 Biology of the land crabs. Cambridge University Press
479 pp.
Burling M C, Pattiaratchi C B and Ivey G N 2003 Tidal regime of Shark Bay, Western
Australia. Estuarine coastal and Shelf Science 57 (5-6): 725-735.
Cameron A M 1965 The first zoea of the soldier crab Mictyris longicarpus (Grapsoidea:
Mictyridae) Proceedings of the Linnaean Society of New South Wales 90: 222-224.
Cameron A M 1966 Some aspects of the behaviour of the soldier crab Mictyris longicarpus.
Pacific Science 20: 224-234.
Carney G C 1981 Bioturbation and biodeposition. In: A Boucout (ed), Principles of benthic
marine palaeoecology. Academic Press, New York pp 357-400.
Carrigy M A 1970 Experiments on the angles of repose of granular materials. Sedimentology
14: 147.
Chakraborty S K & Choudhury A 1985 Distribution of fiddler crabs in Sundarbans mangrove
estuarine complex, India. In: L J Bhosale (ed) Proceedings of National symposium on Biology,
Utilization and conservation of Mangroves. Shivaji University Press Kolhapur-416004 pp 467472.
Chakraborty & Choudhury 1992 Population ecology of fiddler crabs (Uca spp.) of the
mangrove estuarine complex of Sundarbans, India. Tropical Ecology 33: 78-88.
Chen P C, Hsieh B C, Chen R L, Wang T Y, Hsiao H Y & Cheng T J 2006 Characterization of
natural chitosan membranes from the carapace of the soldier crab Mictyris brevidactylus and its
application to immobilize glucose oxidase in amperometric flow-injection biosensing system.
Bioelectrochemistry 68(1): 72-80.

305

Clark K R & Green R H 1988 Statistical design and analysis for a ‘biological effects’ study.
Marine Ecology Progress Series 46:213-226.
Coleman J M 1976 Deltas: processes of deposition and models for exploration. Continuing
Education Publication Company, USA.
Cowels R P 1915 The habits of some tropical Crustacea: II. Philippine Journal of Science (D)
10: 11-17, pls 1-3.
Crane J 1975 Fiddler crabs of the world (Ocypodidae: Genus Uca). Princeton University Press,
Princeton, New Jersey.
Dahl E 1952 Some aspects of the ecology and zonation of the fauna of sandy beaches. Oikos 4:
1-27.
Dakin W J 1919 The Percy Sladen Trust Expeditions to the Abrolhos Islands (Indian Ocean):
Report I: Introduction, general description of the coral islands forming the Houtman Abrolhos
group, the formation of the islands. Journal of the Linnaean Society (Zoology) 34: 127–180.
Dana J D 1851 Conspectus Crustaceorum quæ in Orbis Terrarum circumnavigatione, Carolo
Wilkes e Classe Reipublicæ Foederatæ Duce, lexit et descripsit. Proceedings of the Academy
of Natural Sciences of Philadelphia 5: 247-254.
Davie P J F, Shih H-T & Chan B K K 2010 A new species of Mictyris (Decapoda, Brachyura,
Mictyridae) from the Ryukyu Islands, Japan. Crustaceana Monographs 11: 83-105.
Davie P J F 1982 A preliminary checklist of Brachyura (Crustacea: Decapoda) associated with
Australian Mangrove Forests. Operculum 5 (4): 204-207.
Davie P J F 1985 The biogeography of littoral crabs (Crustacea: Decapoda: Brachyura)
associated with tidal wetlands in tropical and sub-tropical Australia Mangrove Monograph No.
1. Darwin. In: Coasts and Tidal Wetlands of the Australian Monsoon Region (K N Bardsley, J
D S Davie & C D Woodroffe). Australian National University North Australia Research Unit,
Darwin, pp. 259-75.
Davie P J F 2002 Crustacea: Malacostraca: Eucarida (Part 2): Decapoda- Anomura, Brachyura.
In: A Wells & W W K Houston (eds), Zoological Catalogue of Australia Vol 19.3B. CSIRO
Publishing, Melbourne, xiv 641 pp.
Davies G R 1970 Carbonate bank sedimentation, Eastern Shark Bay, Western Australia. In: B
W Logan, G R Davies, J F Read, D E Cebulski, & G R Davies. Carbonate Sedimentation and
Environments, Shark Bay, Western Australia. American Association of Petroleum Geologists
Memoir 13: 85-168.
Davis J L 1980 Geographic variation in coastal development (2nd Ed) Longman, London.
De Haan 1935 ?Ocypode (Mictyris) deflexifrons. Seibold’s Fauna Japonica, Crustacea 2, p 25
(sine descr.).
De Man J G 1887 ?Mytiris longicarpus. Archiv für Naturgeschicthe Iiii, I, p 358.

306

Degraer S, Volckaert A & Vincx M 2003 Macrobenthic zonation patterns along a
morphodynamical continuum of macrotidal, low tide bar/rip and ultra-dissipative sandy
beaches. Estuarine, Coastal and Shelf Science 56 (3-4): 459-468.
Dennison J M & Hay W H 1967 Estimating the needed sampling area for subaquatic ecologic
studies. Journal of Palaeontology 41: 706-708.
Dittmann S 1993 Impact of foraging soldier crabs (Decapoda: Mictyridae) on meiofauna in a
tropical tidal flat. Revista de Biologia Tropical 41: 627-637.
Dittmann S 1996 Effects of macrobenthic burrows on infaunal communities in tropical tidal
flats. Marine Ecology Progress Series 134: 119-130.
Dittmann S 1998 Behaviour and population structure of soldier crabs Mictyris spp (Latreille):
Observations from a tidal flat in tropical north Queensland, Australia. Senckenbergiana
Maritima 28 (4-6): 177-184.
Dittmann S 2000 Zonation of benthic communities in a tropical tidal flat of north-east
Australia. Journal of Sea Research 43: 33-51.
Dworschak P C 1983 The Biology of Upogebia pusilla (Petagna) (Decapoda, Thalassinidea) I.
The Burrows. Marine Ecology 4: 19-43.
Ekdale A A, Bromley R G & Pemberton S G 1984 Ichnology - the use of trace fossils in
sedimentology and stratigraphy. SEPM Short Course No 15. Society of Economic
Palaeontologists and Mineralogists, Tulsa Oklahoma.
Eleftheriou A & McIntyre A 2005 Methods for the study of marine benthos (3rd Edition)
Blackwell Science Ltd Oxford UK.
Emery K O & Foster J F 1948 Water tables in marine beaches. Journal of Marine Research 7:
644-654
Emmerson W D 2001 Aspects of the population dynamics of Neosarmatium meinerti at
Mgazana, a warm temperate mangrove swamp in the East Cape, South Africa, investigated
using an indirect method. Hydrobiologia 449: 221-229.
Ericksen N J 1970 Measurement of tide induced changes to water table profiles in coarse and
fine sand beaches along Pegasus Bay Canterbury. Earth Sciences Journal 4: 24-31
Farrelly C & Greenaway P 1987 The morphology and vasculature of the lungs and gills of the
soldier crab Mictyris longicarpus. Journal of Morphology 193: 285-304.
Fielder D R 1970 The feeding behaviour of the sand crab Scopimera inflata (Decapoda,
Ocypodidae). Journal of Zoology 160(1): 35-49.

Fielder D R, Greenwood J G & Quinn R H 1984 Zoeal stages, reared in the laboratory, and
megalopa of the soldier crab Mictyris longicarpus Latreille, 1806 (Decapoda, Mictyridae)
Bulletin of Marine Science 35: 20-31.
Flores A A V; Abrantes K G; Paula J 2005 Estimating abundance and spatial distribution
patterns of the bubble crab Dotilla fenestrata (Crustacea : Brachyura). Austral Ecology 30: 1423.

307

Frey R W (ed) 1975 The study of trace fossils. Springer-Verlag, New York.
Frith D W & Frith C B 1977 Observations on fiddler crabs (Ocypodidae: Genus Uca) on Surin
Island, Western Peninsular Thailand, with particular reference to Uca tetragonon (Herbst).
Phuket Marine Biological Center Research Bulletin 18: 1-14.
Frith D W & Frith C B 1978 Notes on the ecology of fiddler crab populations (Ocypodidae:
Genus Uca) on Phuket, Surin Nua and Yao Islands, Western Peninsula, Thailand. Phuket
Marine Biological Center Research Bulletin 25: 1-13.
Frith D W & S Brunenmeister S 1980 Ecological and population studies of fiddler crabs
(Ocypodidae, genus Uca) on a mangrove shore at Phuket Island, Western Peninsular Thailand.
Crustaceana 39: 157-183.
Frusher S D, Giddings R L & Smith III T J 1994 Distribution and abundance of Grapsid crabs
(Grapsidae) in a mangrove estuary: effects of sediments characteristics, salinity, tolerance and
osmoregulatory ability. Estuaries 17: 647-654.
Fukuda Y 1990 Early larval and postlarval morphology of the soldier crab, Mictyris
brevidactylus Stimpson (Crustacea: Brachyura: Mictyridae). Zoological Science 7: 303-309.
Furota T 1996 Life cycle studies on the introduced Spider Crab Pyromaia tuberculata
(Lockington) (Brachyura: Majidae) II: Crab stage and reproduction. Journal of Crustacean
Biology 16: 77-91.
Galloway R W 1982 Distribution and physiographic patterns of Australian mangroves. In: B F
Clough (ed), Mangrove ecosystems in Australia – structure, function and management.
Australian Institute of Marine Science and Australian National University Press, pp 3-17.
Galloway W E 1975 Process framework for describing the morphologic and stratigraphic
evolution of deltaic sediments. In: M L Broussard (ed), Deltas - models for exploration.
Houston Geological Society, Houston, Texas.
Garrison J R Jr, Henk B & Creel R 2007 Neoichnology of the micro-tidal Gulf Coast of Texas:
implications for paleoenvironmental and paleoecological interpretations of the clastic rocks of
the Cretaceous Western Interior Basin, U.S.A. SEPM Research Conference: Ichnological
Applications in Sedimentological and Sequence Stratigraphic Problems.
Gentilli J 1972 Australian Climate Patterns. Nelson, Melbourne.
George R W & Jones D S 1982 The Fiddler Crabs of Australia (Ocypodinae: Uca). Records of
the Western Australian Museum Supplement No. 14. Western Australian Museum, Perth.
Gherardi F, Russo S 2001 Burrowing activity in the sand-bubbler crab, Dotilla fenestrata
(Crustacea, Ocypodidae), inhabiting a mangrove swamp in Kenyan Journal of Zoology Society
253: 211– 223.
Gherardi F & Russo S 2001 Burrowing activity in the sand-bubbler crab, Dotilla fenestrata
(Crustacea, Ocypodidae), inhabiting a mangrove swamp in Kenya. Journal of Zoology 253:
211-223.

308

Gherardi F, Russo S & Anyona D 1999 Burrow-orientated activity in the ocypodid crab, Dotilla
fenestrata, living in a mangrove swamp. Journal of the Marine Biological Association of the
UK 79: 281-293.
Glynn P W 1988 El Niño-Southern Oscillation 1982-1983: Nearshore population, community
and ecosystem responses. Annual Review of Ecology and Systematics 19:309-345.
Green R H 1979 Sampling design and statistical methods for environmental biologists. John
Wiley & Sons, New York.
Greenwood B & Davis Jnr R A (eds) 1984 Hydrodynamics and sedimentation in wavedominated coastal environments. Developments in Sedimentology 39. Elsevier, Amsterdam.
Grinnell J 1917 The niche-relations of the California Thrasher. The Auk 34(4): 427-433.
Groger T, Tuzun U & Heyes D M 2003 Modeling and measuring of cohesion in wet granular
materials. Powder Technology 133: 203–215
Hagan G M & Logan B W 1974a Development of carbonate banks and hypersaline basins,
Shark Bay Western Australia. In: B W Logan, J F Read, G R Davies, G M Hagan, P Hoffman,
R G Brown, P J Woods & C D Gebelein. Evolution and Diagenesis of Quaternary Carbonate
Sequences, Shark Bay, Western Australia. American Association of Petroleum Geologists
Memoir 22: 61-139.
Hagan G M & Logan B W 1974b History of Hutchison Embayment tidal flat, Shark Bay
Western Australia. In: B W Logan, J F Read, G R Davies, G M Hagan, P Hoffman, R G Brown,
P J Woods & C D Gebelein. Evolution and Diagenesis of Quaternary Carbonate Sequences,
Shark Bay, Western Australia. American Association of Petroleum Geologists Memoir 22: 283315.
Hartnoll R G 1973 Factors affecting the distribution and behaviour of the crab Dotilla
fenestrata on East African shores. Estuarine & Coastal Marine Science 1: 137-152.
Henry R P 1994 Morphological, behavioral and physiological characterization of bimodal
breathing crustaceans. American Zoologist 34: 205-215.
Hill G W & Hunter R E 1973 Burrows of the ghost crab Ocypode quadrata (Fabricius) on the
barrier islands, south-central Texas coast. Journal of Sedimentary Research 43: 24-30.
Holme N A 1964. Methods of sampling the benthos. Advances in Marine Biology. 2: 171-260.
Honkoop P J C, Pearson G B, Lavaleye M S S & Piersma T 2006 Spatial variation of the
intertidal sediments and macrozoo-benthic assemblages along Eighty-Mile Beach, Northwestern Australia. Journal of Sea Research 55: 278-291.
Icely J D & Jones D A 1978 Factors affecting the distribution of the genus Uca (Crustacea:
Ocypodidae) on an East African shore. Estuarine Coastal Marine Science 6: 315-325
Ingólfsson A 2005 Community structure and zonation patterns of rocky shores at high latitudes:
an inter-ocean comparison. Journal of Biogeography 32: 169-182.
Janssen G & Mulder S 2005 Zonation of macrofauna across sandy beaches and surf zones
along the Dutch coast. Oceanologia 47: 265 -282.

309

Jaramillo E & Lunecke K 1988 The role of sediments in the distribution of Uca pugilator
(Bosc) and Uca pugnax (Smith) (Crustacea, Brachyura) in a salt marsh at Cape Cod.
Meeresforschung 32: 46-52.
Jaramillo E, McLachlan A & Coetzee P 1993 Intertidal zonation patterns of macroinfauna over
a range of exposed sandy beaches in south-central Chile. Marine Ecology Progress Series 101:
105-118.
Johnson D P 1982 Sedimentary facies of an arid zone delta: Gascoyne Delta, Western
Australia. Journal of Sedimentary Petrology 52: 547-563.
Jones D S 2004 The Burrup Peninsula and Dampier Archipelago, Western Australia: an
introduction to the history of its discovery and study, marine habitats and their flora and fauna.
Records of the Western Australian Museum Supplement No. 66: p 30 Western Australian
Museum, Perth.
Kawaguchi S 2002 Effect of tube-type burrow by soldier crab Mictyris longicarpus var.
brevidactylus on alteration of soil microflora in the tidal flat of mangrove forest. Mangurobu ni
kansuru Chosa Kenkyu Hokokusho. Heisei 13 Nendo.
Kelemec J A 1979 Effect of temperature on the emergence from burrows of the soldier crab,
Mictyris longicarpus (Latreille). Australian Journal of Marine & Freshwater Research 30: 463468.
Kemp S 1919 Notes on Crustacea Decapoda in the Indian Museum. XII. Scopimerinae. Records
of the Indian Museum 16: 305-348 pls. 12 -13.
King C A 1972 Beaches and coasts. 2nd Ed. Edward Arnold. 570 p.
Kleinhans M G & van Asch Th W J 2005 Grain-size sorting and slope failure in experimental
subaqueous grain flows. In: R García-Rojo, H J Herrmann & S McNamara (eds), Powders and
grains. Taylor & Francis Group, London, pp 977-980.
Knowlton N 1993 Sibling species in the sea. Annual Review of Ecology and Systematics 24:
189-216.
Knox L W & Miller M F 1985 Environmental control of trace fossil morphology. In: H A
Curran (ed), Biogenic structures: their use in interpreting depositional environments. Society
of Economic Palaeontologists and Mineralogists Special Publication 35, pp 167-176.
Koukkari W L & Sothern R B 2006 Introducing biological rhythms: a primer on the temporal
organization of life, with implications for health, society, reproduction and the natural
environment. Springer, Amsterdam.
Kraus H & Tautz J 1981 Visual distance keeping in the soldier crab Mictyris platycheles
Latreille. A field study. Marine and Freshwater Behaviour & Physiology 6: 123-133.
Lanyon J A, Eliot I G & Clarke D J 1982 Groundwater variation during semi diurnal spring
tidal cycles on a sandy beach. Australian Journal of Marine and Freshwater Research 33: 377400

310

Latreille P A 1806 Genera crustaceorum et Insectorum secundum ordinem naturalem in
familias disposita. Parisiis et Argentorati. Vol I xviii 302 pp pls 1-16 [21] [gender masculine].
Latreille P A 1829 Mictyris longicarpus. In: Cuvier’s Règne Animal, 2nd edition 4: 47.
Lawry Jnr J V 1966 Neuromuscular mechanisms of burrow irrigation in the echiuroid worm
Urechis caupo Fisher & MacGinitie. I. Anatomy of the neuromuscular system and activity of
intact animals. Journal of Experimental Biology 45: 343-356.
Layne J E W, Barnes W J P & Duncan L M J 2003 Mechanisms of homing in the fiddler crab
Uca rapax 1. Spatial and temporal characteristics of a system of small-scale navigation. Journal
of Experimental Biology 206: 4413-4423.
Liao S W, Chang W L & Lin S W 2008 Status and habitat preference for endemic inhabitants
of fiddler crab Uca formosensis in Hsiang-Shan wetland, Taiwan. Environmental Monitoring
and Assessment 143: 203-214.
Lim S S L & Heng M M S 2007 Mangrove micro-habitat influence on bioturbative activities
and burrow morphology of the fiddler crab, Uca annulipes (H. Milne Edwards, 1837)
(Decapoda, Ocypodidae). Crustaceana 80: 31-45.
Lim S S L, Lee P S & C H Diong 2005 Influence of biotope characteristics on the distribution
of Uca annulipes (H. Milne Edwards, 1837) and U. vocans (Linnaeus, 1758) (Crustacea:
Brachyura: Ocypodidae) on Pulau Hantu Besar, Singapore. Raffles Bulletin of Zoology 53:
111-114.
Logan B W & Cebulski D E 1970 Sedimentary environments of Shark Bay, Western Australia.
In: B W Logan, G R Davies, J F Read, D E Cebulski, & G R Davies. Carbonate Sedimentation
and Environments, Shark Bay, Western Australia. American Association of Petroleum
Geologists Memoir 13: 1-37.
Logan B W, Read J F & Davies G R 1970 History of carbonate sedimentation, Quaternary
Epoch, Shark Bay, Western Australia. In: B W Logan, G R Davies, J F Read, D E Cebulski, &
G R Davies. Carbonate Sedimentation and Environments, Shark Bay, Western Australia.
American Association of Petroleum Geologists Memoir 13: 38-84.
Logan B W 1974 Inventory of diagenesis in Holocene-Recent carbonate sediments, Shark Bay,
Western Australia. In: Logan B W, Read J F, Hagan G M, Hoffman P, Brown R G, Woods P J
& Gebelein C D 1974 Evolution and Diagenesis of Quaternary Carbonate Sequences, Shark
Bay, Western Australia. American Association of Petroleum Geologists Memoir 22, pp 195249.
Logan B W, Read J F, Hagan G M, Hoffman P, Brown R G, Woods P J & Gebelein C D 1974
Evolution and Diagenesis of Quaternary Carbonate Sequences, Shark Bay, Western Australia.
American Association of Petroleum Geologists Memoir 22. 358p.
Maitland D P 1986 Crabs that breathe air with their legs – Scopimera and Dotilla. Nature 318:
493-495.
Maitland D P 1987 A highly complex invertebrate lung: the gill chambers of the soldier crab
Mictyris longicarpus. Naturwissenschaften 74: 293-295.

311

Maitland D P & Maitland A 1992 Penetration of water into blind-ended capillary tubes and its
bearing on the functional design of the lungs of soldier crabs Mictyris longicarpus. Journal of
Experimental Biology 163: 333-344.
Maitland D & Maitland A 1992 Penetration of water into blind-ended capillary tubes and its
bearing on the functional design of the lungs of soldier crabs Mictyris longicarpus. Journal of
Experimental Biology 163: 333-344.
McCall P L & Tevesz M J S (eds) 1982 Animal-sediment relations - the biogenic alteration of
sediments. Plenum Press, New York.
McIntyre A D, Elliot J M & Ellis D V 1984 Introduction: Design of sampling
programmes. In: N A Holme & A D McIntyre (eds), Methods for the study of marine benthos.
Blackwell Scientific, Oxford, 1-26.
McLachlan A 1985 The biomass of macro- and interstitial fauna on clean and wrack- covered
beaches in Western Australia. Estuarine Coastal Shelf Science 21: 587 -599.
McLachlan A 1990a Dissipative beaches and macroinfauna communities on exposed intertidal
sands. Journal of Coastal Research 6: 57–71.
McLachlan A 1990b Beach and surf zone flora. In: A C Brown & A McLachlan, Ecology of
sandy beaches. Elsevier, Amsterdam. pp 41-50.
McLachlan A 1990c Interstitial ecology. In: A C Brown & A McLachlan, Ecology of sandy
beaches. Elsevier, Amsterdam. pp 145-163.
McLachlan A 1996 Physical factors in benthic ecology: effects of changing sand particle size
on beach fauna. Marine Ecology Progress Series 131: 205-211.
McLachlan A, Jaramillo E, Donn T E & Wessels F 1993 Sandy beach macroinfauna
communities and their control by the physical environment: a geographical comparison. Journal
of Coastal Research 15: 27-38.
McNeill F A 1926 A Revision of the Family Mictyridae. Studies in Australian Carcinology No.
2. Records of the Australian Museum 15: 100-128, Plates ix-x.
Mallet J 1995 A species definition for the modern synthesis. Trends in Ecology and Evolution
10(7):294-299.
Miers E J 1884 Crustacea. In: Report of the zoological collections made in the Indo-Pacific
Ocean during the voyage of HMS “Alert”, 1881-2.
Milne Edwards H 1852 De la famille des ocypodides (Ocypodidae). Second Mémoire, in
Observations sur les affinités zoologiques et la classification naturelle des Crustacés. Annales
des Sciences Naturelles (Zoologie) Serie3 18: 128-166 pls 3, 4 [154].
Montgomery S K 1931 Report on the crustacean Brachyura of the Percy Sladen Trust
expedition to the Abrolhos Islands under the leadership of Professor W. J. Dakin D.Sc., F.L.S.,
in 1913, along with other crabs from Western Australia. Journal of the Linnean Society
(Zoology) 37: 405–465.

312

Nakasone Y & Akamine T 1981 The reproductive cycle and young crab’s growth of the soldier
crab Mictyris brevidactylus Stimpson 1858 The Biological Magazine Okinawa Seibutsugakkai
shi 19: 17-23.
Nakasone Y & Murai M 1998 Mating behavior of Uca lactea perplexa (Decapoda:
Ocypodidae). Journal of Crustacean Biology 18: 70-77.
Nanami A, Saito H, Akita T, Motomatsu K & Kuwahara H 2005 Spatial distribution and
assemblage structure of macrobenthic invertebrates in a brackish lake in relation to
environmental variables. Estuarine, Coastal and Shelf Science 63: 167-176.
Nel R, McLachlan A & Winter D P E 2001 The effect of grain size on the burrowing of two
Donax species. Journal of Experimental Marine Biology and Ecology 265: 219-238.
Neves L P, Silva P R & Bemvenuti C E 2007 Zonation of benthic macrofauna on Cassino
Beach, southernmost Brazil. Brazilian Journal of Oceanography 55: 293-307.
Ng P K L, Guinot D & Davie P J K 2008 Systema Brachyurorum: Part 1. An annotated
checklist of extant brachyuran crabs of the world. Raffles Bulletin of Zoology, supplement (17).
Nowak S, Samadani A, & Kudrolli K 2005 Maximum angle of stability of a wet granular pile.
Nature Physics 1: 50-52
Nummedal D, Sonnenfield D L & Taylor K 1984 Sediment transport and morphology at the
surf zone of Presque Isle, Lake Erie, Pennsylvannia. In: B Greenwood & R A Davis Jnr (eds),
Hydrodynamics and sedimentation in wave-dominated coastal environments. Developments in
Sedimentology 39. Elsevier, Amsterdam. pp 99-122.
Ono Y 1962 On the habitat preferences of Ocypodid crabs I. Memoirs of the Faculty of
Science, Kyushu University. Series E (Biology) 3E(2): 143-163.
Otani S, Kozuki Y, Kurata K, Ueda K, Nakai S & Murakami H 2008 Relationship between
macrobenthos and physical habitat characters in tidal flat in eastern Seto Inland Sea, Japan.
Marine Pollution Bulletin 57: 142-148.
Palmer J D 1973 Tidal rhythms: the clock control of the rhythmic physiology of marine
organisms. Biological Reviews 48: 377-418.
Parker R H 1975 The study of benthic communities: a model and a review. Elsevier Scientific
Publishing Company, Amsterdam.
Pearce A 1997 The Leeuwin Current and the Houtman Abrolhos Islands. In: F E Wells (ed)
The marine flora and fauna of the Houtman Abrolhos Islands, Western Australia. Western
Australian Museum, pp 11-46.
Pearce A, Buchan S, Chiffings T, D’Adamo N, Fandry C, Fearns P, Mills D, Phillips R, &
Simpson C 2003 A review of the oceanography of the Dampier Archipelago, Western
Australia. In: F E Wells, D I Walker & D S Jones (eds) The Marine Flora and Fauna of
Dampier, Western Australia. Western Australian Museum, Perth. pp 13-50.
Pearce A F 1997 The Leeuwin Current and the Houtman Abrolhos Islands, Western Australia.
In: Wells F E The Marine Flora and Fauna of the Houtman Abrolhos Islands, Western
Australia, Volume 1 Perth Western Australian Museum. pp 11–46.

313

Phillips W J & Cannon L R G 1978 Ecological observations on the commercial sand crab,
Portunus pelagicus (L.), and its parasite, Sacculina granifera Boschma, 1973 (Cirripedia:
Rhizocephala). Journal of Fish Diseases 1: 137.
Pope D S 2000 Video playback experiments testing the function of claw waving in the sand
fiddler crab. Behaviour 137: 1349-1360.
Postma H 1961 Transport and accumulation of suspended matter in the Dutch Wadden Sea.
Netherlands Journal Sea Research 1: 148-190.
Postma H 1967 Sediment transport and sedimentation in the estuarine environment. In: G H
Lauff (ed) Estuaries Part 1. American Association for the Advancement of Science Publication
Number 83: 158-179.
Potter I C & de Lestang S 2000 Biology of the blue swimmer crab Portunus pelagicus in
Leschenault Estuary and Koombana Bay, south-western Australia. Journal of the Royal Society
of Western Australia 83: 443-458.
Quinn R H 1980 Mechanisms for obtaining water for flotation feeding in the soldier crab,
Mictyris longicarpus Latreille, 1806 (Decapoda, Mictyridae) Journal of Experimental Marine
Biology and Ecology 43: 49-60.
Quinn R H 1983 Experimental studies of food ingestion and assimilation of the soldier crab,
Mictyris longicarpus Latreille (Decapoda, Mictyridae). Journal of Experimental Marine
Biology and Ecology 102: 167-181.
Quinn R H 1983 Water uptake and feeding in the soldier crab Mictyris longicarpus Latreille,
1806 (Decapoda, Mictyridae). PhD thesis, University of Queensland, Australia, 148 pp.
Quinn R H 1986 Experimental studies of food ingestion and assimilation of the soldier crab,
Mictyris longicarpus Latreille (Decapoda, Mictyridae). Journal of Experimental Marine
Biology and Ecology 102: 167-181.
Ravichandran S, Anthonisamy S, Kannupandi T & Balasubramanian T 2007 Habitat preference
of crabs in Pichavaram mangrove environment, southeast coast of India. Journal of fisheries
and aquatic Science 2: 47-55.
Read J F 1974 Carbonate bank and wave-built platform sedimentation, Edel Province, Shark
Bay Western Australia. In: B W Logan, J F Read, G R Davies, G M Hagan, P Hoffman, R G
Brown, P J Woods & C D Gebelein. Evolution and Diagenesis of Quaternary Carbonate
Sequences, Shark Bay, Western Australia. American Association of Petroleum Geologists
Memoir 22: 1-60.
Reichmuth B & Anthony E J 2002 The variability of ridge and runnel beach morphology:
examples from northern France. Journal of Coastal Research Special Issue 36: 612-621.
Reineck H E & Singh I B 1980
Springer-Verlag, Berlin.

Depositional sedimentary environments (2nd Edition).

Reynolds R W 1982 A monthly averaged climatology of sea surface temperatures. NOAA
Technical Report 31. 31 p.
Riddle M J 1989 Precision of the mean and the design of benthos sampling programmes:
caution advised. Marine Biology 103:225-230.

314

Rodríguez E M, Greco L S L & Fingerman M 2000 Inhibition of Ovarian Growth by Cadmium
in the Fiddler Crab, Uca pugilator (Decapoda, Ocypodidae). Ecotoxicology and Environmental
Safety 46: 202-206.
da Rosa L C & Borzone C A 2008 Spatial distribution of the Ocypode quadrata (Crustacea:
Ocypodidae) along estuarine environments in the Paranaguá Bay Complex, southern Brazil.
Revista Brasileira de Zoologia 25.
Rossi F & Chapman M G 2003 Influence of sediment on burrowing by the soldier crab
Mictyris longicarpus Latreille . Journal of Experimental Marine Biology and Ecology 289: 181195.
Sadao K 2001 Bioturbation effect of macrobenthos: Mictyris longicarpus var. brevidactylus on
sediment dynamics in the mangrove system. Mangurobu ni kansuru Chosa Kenkyu Hokokusho.
Heisei 12 Nendo 130-134.
Sadao K 2002 Effect of tube-type burrows by soldier crab Mictyris longicarpus var.
brevidactylus on alteration of soil microflora in the tidal flat of mangrove forest. Mangurobu ni
kansuru Chosa Kenkyu Hokokusho Heisei 13 Nendo pp 335-340
Sadao K 2003 Effect of soldier crab Mictyris longicarpus on chemical properties and
microflora of mangrove forest. Mangurobu ni kansuru Chosa Kenkyu Hokokusho Heisei 14
Nendo pp 281-291.
Sakai T 1976 Crabs of Japan and the Adjacent Seas. Kodansha Ltd, Tokyo, Japan, pp 321-322,
626-627, pl 213 Fig. 1, Figs. 2, 3.
Sassa S & Watabe Y 2008 Threshold, optimum and critical geoenvironmental conditions for
burrowing activity of sand bubbler crab, Scopimera globosa. Marine Ecology Progress Series
354: 191-199.
Semeniuk C. A. 2007 The Becher Wetlands - A Ramsar site. Evolution of wetland habitats and
vegetation associations on a Holocene coastal plain, south-western Australia. Springer, The
Netherlands.
Semeniuk V 1981 Sedimentology and the stratigraphic sequence of a tropical tidal flat, NorthWestern Australia. Sedimentary Geology 29: 195-221
Semeniuk V 1983 Regional and local mangrove distribution in Northwestern Australia in
relationship to freshwater seepage. Vegetatio 53: 11-31.
Semeniuk V 1985 Development of mangrove habitats along ria coasts in north and
northwestern Australia. Vegetatio 60: 3-23.
Semeniuk V 1986 Terminology for geomorphic units and habitats along the tropical coast of
Western Australia. Journal of the Royal Society of Western Australia 68: 53-79.
Semeniuk V 1993 The mangrove systems of Western Australia - 1993 Presidential Address.
Journal of the Royal Society of Western Australia 76: 99-122.
Semeniuk V 1995 The Holocene record of climatic, eustatic and tectonic events along the
coastal zone of Western Australia - a review. In: C W Finkl (ed). Holocene Cycles: climate,
sealevel rise, and sedimentation. Journal of Coastal Research Special Issue 17: 247-259.

315

Semeniuk V 1996 Coastal forms and Quaternary processes along the arid Pilbara coast of
northwestern Australia. Palaeogeography, Palaeoclimatology, Palaeoecology 123: 49-84.
Semeniuk V 2000 Sedimentology and Holocene stratigraphy of Leschenault Inlet. Special Issue
on the Leschenault Inlet Estuary. Journal of the Royal Society of Western Australia 83: 255274.
Semeniuk V 2005 Tidal flats. In: Schwartz M.L (ed) Encyclopaedia of Coastal Science.
Springer, pp 965-975.
Semeniuk V 2008 Holocene sedimentation, stratigraphy, biostratigraphy, and history of the
Canning Coast, north-western Australia. Journal of the Royal Society of Western Australia 91:
53-148.
Semeniuk V & Wurm P A S 1987 Mangroves of Dampier Archipelago, Western Australia.
Journal of the Royal Society of Western Australia 69: 29-87.
Semeniuk V & Wurm P A S 2000 Molluscs of the Leschenault Inlet estuary - their diversity,
distribution, and population dynamics. Journal of the Royal Society of Western Australia 83:
377-418.
Semeniuk V, Kenneally K F & Wilson P G 1978 Mangroves of Western Australia. Western
Australian Naturalists Club, Perth, Handbook 12, 90pp.
Semeniuk V, Chalmer P N & LeProvost I 1982 The marine environments of the Dampier
Archipelago. Journal of the Royal Society of Western Australia 65: 97-114.
Shih J T 1993 The annual patterns of gonadosomatic and hepatosomatic indexes and
progesterone-like substance levels of female Mictyris brevidactylus. Bulletin of the Institute of
Zoology Academia Sinica 32:221-228.
Shih J T 1995 Population densities and annual activities of Mictyris brevidactylus (Stimpson,
1858) in the Tanshui Mangrove Swamp of Northern Taiwan. Zoological Studies 34: 96-105.
Shih J T 1995 Population densities and annual activities of Mictyris brevidactylus (Stimpson,
1858) in the Tanshui Mangrove Swamp of Northern Taiwan. Zoological Studies 34 (2): 96-105.
Shih J T 1997 Sex steroid-like substances in the ovaries, hepatopancreas, and body fluid of
female Mictyris brevidactylus. Zoological Studies 36: 136-145.
Shih J T & Chang C J 1991 Preliminary study on the reproductive biology of male Mictyris
brevidactylus of Tanshui mangrove swamp on Taiwan. Chinese Bioscience 34: 37-45. (In
Chinese).
Shih J T & Liao C F 1998 Conversion of Cholesterol to Sex Steroid-like Substances by Tissues
of Mictyris brevidactylus in Vitro. Zoological Studies 37(2): 102 – 110.
Shin P K S, Yiu M W & Cheung S G 2004 Behavioural adaptation of the fiddler crabs Uca
vocans borealis (Crane) and Uca lactea lactea (De Haan) for coexistance on an intertidal shore.
Marine and Freshwater Behaviour and Physiology 37: 147-160.
Shipp R C 1984 Bedforms and depositional sedimentary structures of a barred nearshore
system, eastern Long Island, New York. In: B Greenwood & R A Davis Jnr (eds),

316

Hydrodynamics and sedimentation in wave-dominated coastal environments. Developments in
Sedimentology 39. Elsevier, Amsterdam. pp 235-259.
Short A D 1984 Beach and nearshore facies: southeast Australia. In: B Greenwood & R A
Davis Jnr (eds), Hydrodynamics and sedimentation in wave-dominated coastal environments.
Developments in Sedimentology 39. Elsevier, Amsterdam. pp 261-282.
Short A D & Wright L D 1984 Morphodynamics of high energy beaches: an Australian
perspective. In: B G Thom, Coastal geomorphology in Australia. Academic Press, Sydney. pp
43-68.
Siegel A F 1990 Multiple t Tests: Some Practical Considerations. TESOL Quarterly, 24(4):
773-775.
Sleinis S & Silvey G E 1980 Locomotion in a forward walking crab. Journal of Comparative
Physiology 136: 301-312.
Stimpson W 1858 Crustacea Ocypodoidea. Prodromus descriptionis animalium evertebratorum
quae in Expeditione ad Oceanum Pacificum Sepentrionalem, a Republica Federata missa,
Cadwaladaro Ringgold et Johanne Rodgers Ducibus, observatorum et descriptorum, Pars V.
Proceedings of the Academy of Natural Sciences of Philadelphia, 10(5):99.
Stimpson W 1907 Report on the Crustacea (Brachyura and Anomura) collected by the North
Pacific Exploring Expedition 1853-1856. Smithsonian Miscellaneous Collections 49, No.
1717, p 103, pl 13, fig 4.
Southgate R 2005 Age classes of the greater bilby (Macrotis lagotis) based on track and faecal
pellet size. Wildlife Research 32: 625-630.
Takeda M 1978 Soldier Crabs from Australia and Japan. Bulletin of the National Science
Museum Tokyo Series A (Zoology) 4 (1): 31-38.
Takeda S 2005 Sexual differences in behaviour during breeding season in the soldier crab
(Mictyris brevidactylus). Journal of the Zoological Society of London 266: 197-204.
Takeda S 2010 Habitat partitioning between prey soldier crab Mictyris brevidactylus and
predator Uca perplexa. Journal of Experimental Marine Biology and Ecology 390 (2): 160-168.
Takeda S & Murai M 2004 Microhabitat use by the soldier crab Mictyris brevidactylus
(Brachyura: Mictyridae): Interchangeability of surface and subsurface feeding through burrow
structure alteration. Journal of Crustacean Biology 24 (2): 327-339.
Takeda S, Matsumasa M, Yong H-S & Murai M 1996 “Igloo” construction by the ocypodid
crab, Dotilla myctiroides (Milne-Edwards) (Crustacea; Brachyura): the role of an air chamber
when burrowing in a saturated sandy substratum. Journal of Experimental Marine Biology and
Ecology 198: 237-247.
Thom B G 1982 Mangrove ecology – a geomorphological perspective. In: B F Clough (ed),
Mangrove ecosystems in Australia – structure, function and management. Australian Institute
of Marine Science and Australian National University Press, pp 3-17.
Thom B G 1984 Geomorphic research on the coast of Australia: a preview. In: B G Thom,
Coastal geomorphology in Australia. Academic Press, Sydney. pp 1-21.

317

Thompson G G & Thompson S A 2007a Are backfilled burrows a predator protection strategy
for the Spinifex Hopping Mouse? Journal of the Royal Society of Western Australia 90: 111113.
Thompson G G & Thompson S A 2007b Shape and spatial distribution of Mulgara (Dasycercus
cristicauda) burrows, with comments on a relocation protocol. Journal of the Royal Society of
Western Australia 90: 195-202.
Triggs B 2004 Tracks, Scats and Other Traces. Oxford Press, Melbourne.
Turner I 1993 The total water content of sandy beaches. In: A D Short (ed) Beach and surf
zone morphodynamics. Journal of Coastal Research Special Issue 15: 11-26.
Underwood A J 1997 Experiments in ecology: their logical design and interpretation using
analysis of variance. Cambridge University Press, Cambridge.
Underwood A J & Chapman M G 2001 Design and analysis in benthos surveys. In: A
Eleftheriou & A D McIntyre (eds), Methods for the study of marine benthos. Blackwell
Science.
Unno J 2008a A new species of soldier crab, Mictyris occidentalis (Crustacea: Decapoda:
Brachyura: Mictyridae) from Western Australia, with congener comparisons. Journal of the
Royal Society of Western Australia 91: 31-50.
Unno J 2008b The Western Australian soldier crab, Mictyris occidentalis Unno 2008
(Brachyura: Decapoda: Mictyridae): the importance of behaviour in design of sampling
methods. Journal of the Royal Society of Western Australia 91: 243-263.
Unno J & Semeniuk V 2008 Ichnological studies of the Western Australian soldier crab
Mictyris occidentalis Unno 2008: correlations of field and aquarium observations. Journal of
the Royal Society of Western Australia 91: 175-198.
Unno J & Semeniuk V 2009 The habitats of the Western Australian soldier crab Mictyris
occidentalis Unno 2008 (Brachyura: Mictyridae) across its biogeographical range. Journal of
the Royal Society of Western Australia 92: 289-363.
Unno J & Semeniuk V 2011a A new species of Mictyris (Crustacea: Decapoda: Brachyura:
Mictyridae) recorded from northern Australia - Kimberley region to Cape York. Journal of the
Royal Society of Western Australia 94: 45-54.
Unno J & Semeniuk V 2011b Population dynamics of the Western Australian soldier crab
Mictyris occidentalis Unno 2008 in the Dampier Archipelago - 30 years of observations.
Crustaceana 84 (8): 905-937.
Wada K 1983 Spatial distributions and population structures in Scopimera globosa and
Ilyoplax pusillus (Decapoda: Ocypodidae). Publications of the Seto Marine Biological
Laboratory 27: 281-291.
Warner G F 1969 The occurrence and distribution of crabs in a Jamaican mangrove swamp.
Journal of Animal Ecology 38: 379-389.

318

Warwick R M & Clarke K R 1991 A comparison of some methods for analysing changes in
benthic community structure. Journal of the Marine Biological Association of the United
Kingdom 71: 225-244.
Warwick R M, Clarke K R & Gee J M 1990 The effect of disturbance by soldier crabs Mictyris
platycheles H Milne Edwards on meiobenthic community structure. Journal of Experimental
Marine Biology and Ecology 135: 19-33.
Webb A P & Eyre B D 2004 The effect of natural populations of the burrowing and grazing
soldier crab (Mictyris longicarpus) on sediment irrigation, benthic metabolism and nitrogen
fluxes. Journal of Experimental Marine Biology and Ecology 309: 1-19.
Webster A G 1919 On the angle of repose of wet sand. Proceedings of the National Academy
of Science USA 5: 263-265.
Wentworth C K 1922 A scale of grade and terms for clastic sediments. Journal of Geology 30:
377-392.
Weimina Y, Batley G E & Ahsanullahb M 1994 Metal bioavailability to the soldier crab
Mictyris longicarpus. Science of the Total Environment 141(1-3): 27-44.
Wolfrath B 1992 Burrowing of the fiddler crab Uca tangeri in the Ria Formosa in Portugal and
its influence on sediment structure. Marine Ecology Progress Series 5: 237-243.
Woodroffe C D 2002 Coasts – form, process and evolution. Cambridge University Press. 623
pp.
Wright L D & Short A D 1983 Morphodynamics of beaches and surf zones in Australia. In: P D
Komar (ed), Handbook of coastal processes and erosion. CRC Press, Boca Baton, Florida, pp
35-64.
Wright L D, Nielson P, Short A D & Green M O 1982 Morphodynamics of a macrotidal beach.
Marine Geology 50: 97-128.
Yamaguchi T 1976 A preliminary report on the sand bubbler crab Mictyris longicarpus
Latreille. Benthos Res., (11/12): 22-34.
Yamaguchi T 2001 Daytime larval release of the fiddler crab, Uca lactea (Decapoda,
Brachyura, Ocypodidae). Crustacean 74: 545-555.
Yeh H C, Chen I, M Chen P & Wang W H 2009 Heavy metal concentrations of the soldier crab
(Mictyris brevidactylus) along the inshore area of Changhua, Taiwan. environmental
Monitoring and Assessment 153 (1-4): 103-109.
Ysebaert T, Meire P, Coosen J & Essink K 1998 Zonation of intertidal macrobenthos in the
estuaries of Schelde and Ems. Aquatic Ecology 32: 53-71.
Zharikov Y & Skilleter G A 2002 Sex-specific intertidal habitat use in subtropically wintering
Bar-tailed Godwits. Canadian Journal of Zoology 80(11): 1918-1929.

319

CHAPTER 9
9.1 Appendix 1:
Regional sampling sites for soldier crabs, with brief description of site.

Some 306 sites were examined along the Western Australian coast between Geraldton and One
Arm Point for soldier crab habitats and occurrences of soldier crab populations (Fig. 5-5).
Three of the sites recorded by the Western Australian Museum were re-surveyed during this
study (viz., Broome Town foreshore, Bay of Rest, and Monkey Mia). Eight sites recorded by
the Western Australian Museum were not examined in the field in this study, but are noted in
the Table below. To facilitate description of all sites, the coast has been subdivided into
twelve tracts, corresponding to natural physiographic and coastal units, and largely
corresponding to natural boundaries (Fig. 5-5). These coastal tracts are notated as acronyms.
The sampling sites within each tract are numbered sequentially, generally from north to south.
Each site within the tract has a unique latitude/longitude designation. Where a site has a
geographic name, this is noted. The presence or absence of soldier crabs at a site is noted. The
description of each site relates to the rocky, or sandy, or muddy nature of that tidal part of the
shore where soldier crabs might be present, and comments on the nature of the wave energy.
For most of the sites selected, there was a focus on settings that were possible or probable
soldier crab habitats. However, some of the coastal types selected for field inspection are
clearly not soldier crab habitats (e.g., the limestone cliffs shores of the Point Cloates to Point
Quobba tract), and many of the high wave energy sandy beaches, but they were examined, for
the former in the possibility that pocket beaches supporting soldier crabs may be present (e.g.,
similar to Black Ledge at Broome), and for the latter in the possibility that seawater seepage
from the base of a beach slope may form a local soldier crab habitat. Areas such as Port
Hedland (with Nine-mile Creek, Six-mile Creek, the Port Hedland limestone coast, Finucane
Island, Salmon Inlet, West Creek, and Salmon Creek), Cape Keraudren, Willie Creek, amongst
others, with a multiplicity of sites located in relative latitudinal proximity to each other,
illustrate the patchy nature of the shore types and the disjunct nature of soldier crab population
distribution. The information on coastal type and coastal material is presented also to provide
an appreciation of the gaps in soldier crab occurrence along the coast that is due to extensive
unavailability of habitat. For some of the sandy and sheltered locations, where soldier crabs
are present, the habitat may not be long-term, i.e., soldier crabs vary in presence/absence from
year to year, and if present inter-annually, also markedly vary in abundance from year to year.
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A total of 306 sites form part of this study. King Sound (KS) has 31 sites. The Dampier
Peninsula coast of the north-western Canning Coast (DP) has 29 sites. The north Canning
Coast (between Barn Hill and Cape Bossut = NCC) has 9 sites. The tract of middle to south
Canning Coast between Mandora and Pardoo (= SMCC) has 13 sites. The northern Pilbara
Coast (between the De Grey River delta and Cossack = NPC) has 25 sites. The Dampier
Archipelago to Cape Lambert region (DA-CL) has 27 sites. The southern Pilbara Coast
(between the Fortescue River delta and Simpson Island = SPC) has 22 sites. North West Cape
(NWC) has 35 sites. The coast between Point Cloates and Point Quobba (PC-PQ) has 10 sites.
The Gascoyne River delta regions (GD) has 8 sites. The Shark Bay region (SB) has 72 sites.
The coast between Zuytdorp Cliffs and Geraldton (Z-G) has 11 sites. The Houtman Abrolhos
(HA) has 24 sites. In the Table below Y = present, N = absent.

This dataset with location of the site as related to Figure 5-8, the description of coastal site in
terms of its wave energy, geomorphology, and substrates, its co-ordinates, and the
presence/absence of soldier crabs is provided as a measure of the variety of coastal types
encountered in this study to assess the occurrence of soldier crabs, and as a baseline of the
occurrence of M. occidentalis along the Western Australian coast that can serve as a
comparison for future surveys. In particular, detailed surveys undertaken in the regions of
North West Cape, Shark Bay, and Houtman-Abrolhos to define the southern limits of the
species, and in the region of the Dampier Peninsula to define the northern limits of the species.
provide a measure of the occurrence of the species against the current climate regime and
sedimentological setting.
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Site #

Latitude and longitude

Brief description of site

KS-01
KS-02
KS-03
KS-04

Location, name, or
field notation
King Sound tidal flats
King Sound tidal flats
King Sound tidal flats
King Sound tidal flats

17o 0’ 20.86” S, 123o 39’ 15.87” E
17o 1’ 24.72” S, 123o 35’ 21.56” E
17o 2’ 1.08” S, 123o 34’ 52.32” E
17o 5’ 16.30” S, 123o 35’ 2.78” E

KS-05
KS-06
KS-07
KS-08
KS-09
KS-10
KS-11
KS-12
KS-13
KS-14
KS-15
KS-16
KS-17
KS-18
KS-19
KS-20
KS-21
KS-22
KS-23
KS-24
KS-25
KS-26
KS-27
KS-28

King Sound tidal flats
King Sound tidal flats
King Sound tidal flats
King Sound tidal flats
King Sound tidal flats
King Sound tidal flats
King Sound tidal flats
King Sound tidal flats
King Sound tidal flats
King Sound tidal flats
King Sound tidal flats
King Sound tidal flats
King Sound tidal flats
King Sound tidal flats
King Sound tidal flats
King Sound tidal flats
King Sound tidal flats
King Sound tidal flats
King Sound tidal flats
King Sound tidal flats
King Sound tidal flats
King Sound tidal flats
King Sound tidal flats
King Sound tidal flats

17o 11’ 12.37” S, 123o 38’ 12.26” E
17o 13’ 22.39” S, 123o 39’ 2.59” E
17o 13’ 50.99” S, 123o 36’ 47.12” E
17o 15’ 2.64” S, 123o 32’ 11.71” E
17o 16’ 44.42” S, 123o 32’ 9.13” E
17o 16’ 43.60” S, 123o 33’ 7.97” E
17o 16’ 50.95” S, 123o 36’ 38.65” E
17o 17’ 25.15” S, 123o 35’ 57.73” E
17o 17’ 22.63” S, 123o 39’ 39.45” E
17o 17’ 41.41” S, 123o 32’ 44.94” E
17o 17’ 56.88” S, 123o 33’ 40.38” E
17o 18’ 46.40” S, 123o 31’ 11.73” E
17o 18’ 51.44” S, 123o 32’ 47.50” E
17o 18’ 56.79” S, 123o 33’ 53.76” E
17o 18’ 32.89” S, 123o 36’ 0.85” E
17o 19’ 41.10” S, 123o 32’ 12.53” E
17o 19’ 44.38” S, 123o 35’ 27.04” E
17o 20’ 9.60” S, 123o 31’ 51.19” E
17o 20’ 23.44” S, 123o 36’ 1.89” E
17o 20’ 21.83” S, 123o 36’ 52.36” E
17o 20’ 58.48” S, 123o 35’ 34.73” E
17o 21’ 16.34” S, 123o 34’ 32.62” E
17o 22’ 6.33” S, 123o 33’ 49.62” E
17o 23’ 19.61” S, 123o 34’ 1.57” E

wave agitated and tidally high energy sand flats
tidally high energy sand and mud flats
tidally high energy sand and mud flats
tidally high energy sand and mud flats; rock
pavements
tidally high energy sand shoals
tidally high energy sand shoals
tidally high energy sand and mud flats
tidally high energy sand shoals
tidally high energy sand shoals
tidally high energy sand shoals
tidally high energy sand shoals
tidally high energy sand shoals
tidally high energy sand shoals
tidally high energy sand shoals
tidally high energy sand shoals
tidally high energy sand shoals
tidally high energy sand shoals
tidally high energy sand shoals
tidally high energy sand shoals
tidally high energy sand shoals
tidally high energy sand shoals
tidally high energy sand shoals
tidally high energy sand shoals
tidally high energy sand flat
tidally high energy sand shoals
tidally high energy sand shoals
tidally high energy sand shoals
tidally high energy sand shoals

Our
Record
N
N
N
N

WAM
Record

N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
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Site #
KS-29
KS-30
KS-31
DP-01
DP-02
DP-03
DP-04
DP-05
DP-06
DP-07
DP-08
DP-09
DP-10
DP-11
DP-12

Location, name, or
field notation
King Sound tidal flats
King Sound tidal flats
King Sound tidal flats
One Arm Point
Cape Leveque North
Cape Leveque South
Lombadina
North Head to Pender
Bay
North Head
Beagle Bay
Camp Inlet
west cliff shore
Dampier Peninsula
Cape Boileau
Barred Creek

Latitude and longitude

Brief description of site

17o 23’ 54.83” S, 123o 33’ 50.06” E
17o 25’ 7.08” S, 123o 32’ 52.45” E
17o 25’ 58.22” S, 123o 34’ 5.10” E
16o 27’ 5.61” S, 123o 3’ 56.04” E
16o 21’ 32.09” S, 123o 2’ 1.03” E
16o 21’ 39.67” S, 123o 1’ 43.12” E
16o 31’ 31.02” S, 122o 52’ 19.87” E
16o 47’ 40.75” S, 122o 33’ 44.31” E

tidally high energy sand shoals
tidally high energy sand shoals
tidally high energy sand shoals
low tidal sand flats protected from regional swell
high wave energy sand and beach rock coast
high wave energy sand and beach rock coast
low tidal sand flats protected from regional swell
high wave energy rocky shore cliff coast

16o 50’ 9.12” S, 122o 32’ 4.55” E
16o 56’ 43.65” S, 122o 30’ 52.17” E
16o 56’ 56.44” S, 122o 27’ 0.07” E
17o 28’ 32.18” S, 122o 9’ 3.76” E

high wave energy cliff coast
low tidal sand flats protected from regional swell
low tidal sand flats protected from regional swell
high wave energy cliff coast

N
Y
N
N

17o 39’ 44.43” S, 122o 11’ 1.09” E
17o 39’ 41.07” S, 122o 11’ 18.95” E

high wave energy cliff coast
low tidal sand shoal in tidal lagoon protected from
regional swell by barrier
high wave energy sand coast to north of Willie Creek

N

low tidal sand shoals in large tidal creek protected
from regional swell
low tidal sand floored lagoon protected from regional
swell by low sand barrier
low tidal sand-floored lagoon protected from regional
swell by low sand barrier
low tidal sand-floored lagoon protected from regional
swell by low sand barrier
high wave energy sand coast
low tidal sand-floored lagoon protected from regional

Y

17o 45’ 12.95” S, 122o 11’ 42.92” E

DP-13

Willie Creek open
coast
Willie Creek area

17o 45’ 40.74” S, 122o 12’ 16.39” E

DP-14

Willie Creek area

17o 45’ 59.11” S, 122o 12’ 21.07” E

DP-15

Willie Creek area

17o 46’ 8.04” S, 122o 12’ 13.35” E

DP-16

Willie Creek area

17o 46’ 43.71” S, 122o 12’ 5.52” E

DP-17
DP-18

Willie Creek area
Willie Creek area

17o 46’ 44.77” S, 122o 12’ 2.48” E
17o 46’ 59.22” S, 122o 12’ 11.95” E

Our
Record
N
N
N

WAM
Record

Y
N
N
Y
N

Y

Y
N

Y
Y
Y
N
Y
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Site #

Location, name, or
field notation

Latitude and longitude

DP-19
DP-20

Willie Creek area
Coconut Well tidal
lagoon

17o 47’ 27.65” S, 122o 12’ 6.92” E
17o 49’ 16.0” S, 122o 12’ 45.38” E

DP-21
DP-22

17o 55’ 14.98” S, 122o 12’ 38.59” E
17o 58’ 21.27” S, 122o 11’ 11.28” E

DP-23

central Cable Beach
junction Gantheaume
Point with
southernmost extremity
of Cable Beach
Entrance Point

DP-24

north Broome Port

17o 59’ 57.75” S, 122o 12’ 26.48” E

DP-25

17o 58’ 02.41” S, 122o 14’ 16.00” E

DP-26

Broome Town
foreshore
Black Ledge

17o 58’ 9.09” S, 122o 17’ 23.37” E

DP-27

un-named

17o 58’ 31.03” S, 122o 21’ 3.81” E

DP-28

un-named

17o 59’ 9.83” S, 122o 21’ 51.85” E

DP-29
NCC-01

Crab Creek
Thangoo

17o 59’ 37.78” S, 122o 22’ 4.83” E
18o 09’ 38.97” S, 122o 19’ 30.50” E

NCC-02

Thangoo south

18o 10’ 42.88” S, 122o 16’ 54.59” E

NCC-03

Cape Villaret -Eco
Beach coast

18o 19’ 35.96” S, 122o 04’ 06.22” E

18o 0’ 29.50” S, 122o 12’ 34.93” E

Brief description of site
swell by low sand barrier
high wave energy sand coast
high tidal sand-floored lagoon protected from regional
swell by low sand barrier (Transect Sites 1 & 2 of this
chapter)
high wave energy sand coast
sand shoals and sand flats leeward (north) of rocky
reefs

moderate wave energy sand coast with local rocky
reef protection (Transect Site 3 of this chapter)
sand shoals and sand flats leeward (north) of rocky
reefs
high tidal sand flat leeward of mangroves (Transect
Site 4 of this chapter)
moderate wave energy sand coast with local rocky
reef protection
high wave energy reflective beach in mid to upper
tidal, mud floor between MSL to LAT
high wave energy reflective beach in mid to upper
tidal, mud floor between MSL to LAT
mud substrates HAT to LAT
moderate wave energy sand flats amongst and
seaward of open mangrove shrubs
moderate wave energy sand flats amongst and
seaward of cheniers and open mangrove shrubs
high wave energy rocky coast and locally sandy
beach, with wet low tidal sand flats

Our
Record

WAM
Record

N
Y

N
Y

Y
Y
Y
Y
N
N
N
Y
Y
N
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Site #

Latitude and longitude

Brief description of site

NCC-04

Location, name, or
field notation
Barn Hill coast north

18o 21’ 37.15” S, 122o 02’ 36.49” E

NCC-05

Barn Hill coast central

18o 21’ 47.28” S, 122o 02” 23.49” E

NCC-06
NCC-07

Barn Hill coast south
Port Smith

18o 21’ 49.69” S, 122o 02” 11.84” E
18o 30’ 41.08” S, 121o 48’ 10.25” E

NCC-08

North Cowan Creek

18o 40’ 21.77” S, 121o 45’ 54.69” E

NCC-09
SMCC-01

Cape Bossut
Mandora North

18o 42’ 29.38” S, 121o 37’ 30.40” E
19o 40’ 24.49” S, 120o 51’ 18.95” E

SMCC-02

Eighty Mile Beach

19o 45’ 5.81” S, 120o 40’ 20.58” E

SMCC-03
SMCC-04

Shoonta Hill
Cape Keraudren area
Cootenbrand Creek
Cape Keraudren area
northern outer headland
Cape Keraudren area
outer embayment
Cape Keraudren area
mangrove fringe
Cape Keraudren area
Mosquito Creek
Cape Keraudren area
southern outer
headland
Red Bluff, NE Pardoo

19o 54’ 45.91” S, 120o 10’ 54.92” E
19o 58’ 20.58” S, 119o 47’ 17.55” E

high wave energy sandy coast, with wet low tidal sand
flats
high wave energy rocky coast and locally sandy
beach, with wet low tidal sand flats
high wave energy rocky coast and locally sand flats
low tidal sand shoal in tidal lagoon protected from
regional swell by Holocene limestone barrier
low tidal sand flat protected from regional swell by
limestone barrier
high wave energy sand and rock coast
low tidal sand shoal in tidal lagoon protected from
regional swell by sand barrier
low tidal sand flat occurring seaward of a reflective
beach
high wave energy sand coast
mid-channel creek shoals at ~ MHWN

19° 57’ 45.54" S, 119° 46’ 24.72” E

high wave energy limestone cliff and beach rock coast

N

19° 5’ 41.04” S, 119° 46’ 5.10” E

sand flat amongst rocky coast at MSL-MLWN

Y

19° 57’ 56.88” S, 119° 46’ 13.21” E

Y

19° 58’ 17.16” S, 119° 46’ 33.41” E

sand-floored mangrove fringe between MSL and
MHWN
sand-floored creek bank at MHWN

Y

19o 57’ 58.21” S, 119o 45’ 06.48” E

high wave energy limestone cliff coast

N

20° 03’ 32.76”" S, 119° 37’ 46.02” E

sand tidal flat, and sandy beach amongst limestone

Y

SMCC-05
SMCC-06
SMCC-07
SMCC-08
SMCC-09

SMCC-10

Our
Record
N

WAM
Record

N
N
Y
Y
N
Y
Y
N
Y
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Site #

Location, name, or
field notation

Latitude and longitude

Brief description of site

SMCC-11
SMCC-12
SMCC-13

coast NE Pardoo Creek
Pardoo Creek mouth
Pardoo Creek mid
channel shoals
De Grey River Delta

20° 04’ 29.39” S, 119°36’ 28.84” E
20° 04’ 30.70” S, 119° 34’ 27.58” E
20° 05’ 13.73” S, 119° 33’ 21.95” E

rock
eroding mud flat in front of low gradient sandy beach
mud shoals at mouth of tidal creek
mid-channel mud shoals in tidal creek

NPC-01

19o 58’ 30” S, 119o 08’ 30” E

NPC-02

Nine-mile Creek
bank

20o 20’ 1.03” S, 118o 40’ 18.83” E

NPC-03

Nine-mile Creek
mid channel
Nine-mile Creek
mouth
Six-mile Creek shoals

20° 19’ 55.68” S, 118° 40’ 35.54” E

NPC-04
NPC-05

20° 19’ 31.99” S, 118° 40’ 23.47” E
20° 19’ 41.03” S, 118o 40’ 18.83” E

NPC-06

Six-mile Creek East,
shoals

20°19’ 26.24” S, 118° 39’ 58.24” E

NPC-07

Six-mile Creek East

20o 19’ 25.34” S, 118o 39’ 53.04” E

NPC-08

Six-mile Creek West

20o 19’ 19.42” S, 118o 39’ 50.72” E

NPC-09
NPC-10
NPC-11
NPC-12

Port Hedland coast
Port Hedland coast
Port Hedland coast
Port Hedland coast

20o 18’ 44.28” S, 118o 38’ 33.2” E
20o 18’ 26.96” S, 118o 38’ 16.66” E
20o 17’ 55.76” S, 118o 38’ 21.8” E
20o 18’ 2.99” S, 118o 37’ 42.41” E

low tidal sand shoal in mouth of delta, protected from
regional swell
sand flat amongst mangroves, at ~ MHWN, on bank
of tidal creek, protected from regional swell by creek
and limestone barrier (Transect Site 5 of this chapter)
rippled and megarippled low-tidal sand flats and
shoals in mid-channel
rippled and megarippled low-tidal sand flats and
shoals in mid-channel
rippled and megarippled low-tidal sand flats and
shoals at mouth of channel
sand slope and flat, ~ MSL, with seawater discharge
from beach, protected from regional swell by creek
and limestone barrier
sand slope and flat, ~ MSL, with seawater discharge
from beach, protected from regional swell by creek
and limestone barrier (Transect Site 6 of this chapter)
sand flat on edge of shoal, ~ MSL, protected from
regional swell by creek and limestone barrier
(Transect Site 7 of this chapter)
moderate wave energy sand coast
high wave energy sand coast
high wave energy sand coast
high wave energy limestone cliff shore with small

Our
Record

WAM
Record

N
N
N
Y
Y

N
N
N
Y

Y

Y

N
N
N
N
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Site #

Location, name, or
field notation

Latitude and longitude

NPC-13

Port Hedland coast

20o 18’ 19.94” S, 118o 36’ 55.34” E

NPC-14

Port Hedland coast

20o 18’ 28.35” S, 118o 36’ 4.5” E

NPC-15

Port Hedland coast

20o 18’ 33.13” S, 118o 34’ 55.03” E

NPC-16
NPC-17
NPC-18
NPC-19
NPC-20
NPC-21
NPC-22

NPC-25

Finucane Island 06
Finucane Island 05
Finucane Island 04
Finucane Island 03
Finucane Island 02
Finucane Island 01
Port Hedland area
Downes Island spit
Port Hedland area
Salmon Creek
Port Hedland area
West Creek
Mundabullungana

DA-CL-01

East Cossack

20o 40’ 30.92” S, 117o 11’ 38.08” E

DA-CL-02

Settlers Beach

20o 40’ 3.2” S, 117o 11’ 40.24” E

DA-CL-03

Point Samson

20o 37’ 47.46” S, 117o 11’ 51.04” E

NPC-23
NPC-24

Brief description of site

Our
Record

20o 17’ 52.27” S, 118o 34’ 18.93” E
20o 17’ 49.16” S, 118o 33’ 26.85” E
20o 18’ 1.64” S, 118o 32’ 44.83” E
20o 18’ 12.47” S, 118o 31’ 58.78” E
20o 18’ 20.17” S, 118o 31’ 35.68” E
20o 18’ 25.07” S, 118o 32’ 10.58” E
20° 18’ 43.25” S, 118° 31’ 46.46” E

pocket beaches
high wave energy limestone cliff shore with small
pocket beaches
high wave energy limestone cliff shore with small
pocket beaches
high wave energy limestone cliff shore with small
pocket beaches
high wave energy limestone cliff
high wave energy limestone cliff
high wave energy limestone cliff
high wave energy limestone cliff
high wave energy limestone cliff
moderate wave energy sand beach
megarippled and rippled low-tidal sand bar

N
N
N
N
N
N
N

20° 18’ 59.87” S, 118° 32’ 32.15” E

megarippled and rippled low-tidal sand bar

N

20° 18’ 37.87” S, 118° 33’ 7.01” E

low-tidal mud flats along creek floor

N

20o 22’ 20.32” S, 118o 12’ 32.04” E

low tidal sand shoal in mouth of tidal creek protected
from regional swell delta barriers and by tidal creek
sand flat ~ MHWN on bank of inlet, protected from
regional swell by rock ridges and by tidal creek
(Transect Site 8 of this chapter)
low tidal, low gradient sand flat (dissipative shore)
seaward of a reflective beach; also protected from
regional swell partly by rock ridges (Transect Site 9
of this chapter)
low tidal, low gradient sand flat (dissipative shore)

WAM
Record

N
N
N

Y
Y

Y

Y
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Site #

Location, name, or
field notation

Latitude and longitude

DA-CL-04

Mko Bay near
Cape Lambert

20o 36’ 58.76” S, 117o 11’ 4.29” E

DA-CL-05
DA-CL-06
DA-CL-07

Cleaverville
Nickol Bay coast
Nickol Bay coast

20o 39’ 45.81” S, 116o 59’ 1.38” E
20o 42’ 40.51” S, 116o 55’ 26.15” E
20o 43’ 14.81” S, 116o 53’ 24.6” E

DA-CL-08
DA-CL-09

Nickol Bay coast
Hearsons Cove

20o 43’ 16.63” S, 116o 51’ 56.69” E
20o 37’ 42.14” S, 116o 47’ 51.41” E

DA-CL-10
DA-CL-11

Searipple Passage
Searipple Passage

20o 31’ 13.33” S, 116o 50’ 57.45” E
20o 31’ 18.8” S, 116o 49’ 54.69” E

DA-CL-12
DA-CL-13
DA-CL-14
DA-CL-15
DA-CL-16
DA-CL-17
DA-CL-18

Legendre Island
Malus Island north
Malus Island central
Malus Island west
Noname Bay
Tozer Island
Angel Island

20o 22’ 30.63” S, 116o 50’ 42.33” E
20o 13’ 07.88” S, 116o 40’ 56.53” E
20o 30’ 30.90” S, 116o 40’ 16.84” E
20o 31’ 15.40” S, 116o 39’ 30.63” E
20o 36’ 07.53” S, 116o 45’ 45.81” E
20o 27’ 22.31” S, 116o 50’ 34.46” E
20o 28’ 11.55” S, 116o 48’ 24.13” E

DA-CL-19

Angel Island

20o 30’ 7.41” S, 116o 47’ 37.52” E

DA-CL-20

Conzinc Bay

20o 32’ 22.66” S, 116o 48’ 50.52” E

Brief description of site
seaward of a reflective beach; also protected from
regional swell partly by rock ridges (Transect Site 10
of this chapter)
low tidal sand shoal in tidal lagoon protected from
regional swell by sand barrier and partly by rock
ridges
high wave energy rocky shore
low tidal sand shoals, mouth of the Nickol River
limestone pavement shore with mud veneer
limestone pavement shore with mud veneer
reflective beach and low gradient dissipative shore,
with low tidal shoal complex; also high tidal alluvial
fan (Transect Sites 11, 12, 13 of this chapter)
low tidal limestone pavement and mid tidal mud slope
low tidal limestone pavement and mid tidal
mangrove-vegetated mud slope
limestone rocky shore and high energy sandy beach
high energy sandy beach
high energy sandy beach
high energy sandy beach
moderate wave energy sand flats
low tidal sand flat in embayment
moderate wave energy low tidal sand flat and
limestone
moderate wave energy low tidal sand flat and
limestone
moderate wave energy sand flats and tidal rock/gravel
pavement

Our
Record

WAM
Record

Y

N
Y
N
N
Y

N
N
N
N
N
N
N
Y
N
N
N
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Site #

Latitude and longitude

Brief description of site

DA-CL-21

Location, name, or
field notation
Withnell Bay

20o 34’ 17.87” S, 116o 47’ 46.68” E

DA-CL-22

King Bay

20o 38’ 10.38” S, 116o 45’ 28.87” E

DA-CL-23
DA-CL-24
DA-CL-25
DA-CL-26

Lewis Island
West Lewis Island
Enderby Island
East Maitland River
Delta
Maitland River Delta

20o 36’ 11.13” S, 116o 38’ 33.62” E
20o 33’ 53.52” S, 116o 38’ 17.54” E
20o 35’ 49.08” S, 116o 31’ 23.13” E
20o 43’ 35.97” S, 116o 36’ 9.45” E

low wave energy low tidal sand flat (Transect Site 14
of this chapter)
low wave energy low tidal sand shoals, sand bar, and
tidal creel shoals (Transect Sites 15, 16 17, 18 of this
chapter)
moderate wave energy low tidal sand flat
low tidal sand flat sheltered from regional swell
moderate to high wave energy beach
low tidal limestone pavement

21o 0’ 2.4” S, 116o 6’ 41.3” E
20o 59’ 58.72” S, 116o 6’ 22.15” E
21o 1’ 21.19” S, 116o 2’ 18.66” E
21o 11’ 10.34” S, 115o 50’ 50.83” E
21o 23’ 51.35” S, 115o 33’ 59.87” E

SPC-06

Fortescue River delta
Fortescue River delta
Fortescue River delta
Fortescue River delta
Robe River delta
limestone barrier
Mangrove Islands

SPC-07

North Onslow coast

21o 35’ 34.9” S, 115o 17’ 32.16” E

SPC-08
SPC-09
SPC-10
SPC-11
SPC-12

Yammerdery Island
Onslow coast
Onslow coast
Onslow coast
Onslow coast

21o 34’ 36.75” S, 115o 13’ 32.16” E
21o 38’ 18.07” S, 115o 8’ 32.39” E
21o 38’ 31.93” S, 115o 8’ 33.95” E
21o 38’ 32.79” S, 115o 7’ 37.98” E
21o 38’ 6.7” S, 115o 6’ 48.35” E

DA-CL-27

SPC-01
SPC-02
SPC-03
SPC-04
SPC-05

20o 45’ 6.43” S, 116o 31’ 55.11” E

21o 31’ 22.82” S, 115o 27’ 5.56” E

dissipative sand flats at delta front, partly protected by
the Archipelago islands, and tidal lagoon leeward of
sand barrier
limestone pavement
limestone pavement and sand flats
sand flats with mangroves
sand flats
cliff and pavement cut into limestone
mid-tidal sand cuspate form sheltered from regional
swell by limestone island
high wave energy shore of limestone pavement and
sandy beach
cliff and pavement cut into limestone
high wave energy beach
high wave energy beach
high wave energy beach
high wave energy beach and low tidal limestone
pavement

Our
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Y
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N
Y
N
N
Y
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N
N
N
Y
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N
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Site #
SPC-13
SPC-14
SPC-15
SPC-16

SPC-17
SPC-18
SPC-19

Location, name, or
field notation
Onslow coast
Onslow coast
Onslow coast
Onslow coast

Ashburton River delta
mouth
Ashburton River delta
mouth
Burnside Island

Latitude and longitude

Brief description of site

Our
Record
N
N
N
Y

21o 38’ 14.01” S, 115o 6’ 2.91” E
21o 39’ 21.36” S, 115o 4’ 53.52” E
21o 41’ 23.02” S, 115o 3’ 32.07” E
21o 40’ 45.15” S, 115o 2’ 57.78” E

21o 40’ 37.57” S, 114o 59’ 29.52” E

high wave energy beach
high wave energy beach
high wave energy beach
open coast is high wave energy beach; soldier crab
habitat located in axis of tidal creek sheltered from
swell and wind waves (Transect Site 19 of this
chapter)
high wave energy beach on open delta shore

21o 41’ 25.34” S, 114o 55’ 23.07” E

high wave energy beach on open delta shore

N

22o 0’ 48.95” S, 114o 30’ 03.85” E

N

N

22o 6’ 7.58” S, 114o 30’ 40.38” E
22o 7’ 18.48” S, 114o 29’ 16.93” E
22o 8’ 6.83” S, 114o 29’ 21.79” E
22o 31’ 40.22” S, 114o 09’ 23.11” E
22o 24’ 02.05” S, 114o 08’ 10.52” E
22o 23’ 57.84” S, 114o 8’ 11.89” E
22o 18’ 38.24” S, 114o 7’ 43.84” E
22° 12’ 40.78” S, 114° 05’ 58.92” E

low-tidal sand flat within sheltered embayment
high wave energy beach

Y
N

NWC-06
NWC-07

Hope Island
Simpson Island NE
Simpson Island SE
Bay of Rest
Little Bay of Rest
Bay of Rest
(WAM collection site)
Little Bay of Rest
Learmonth Jetty,
North West Cape
North West Cape
North West Cape

high wave energy beach and low tidal limestone
pavement
mud on limestone pavement
limestone shore: cliff and pavement
sheltered low-tidal sand flat leeward of spit
low-tidal sand flat within sheltered embayment
low-tidal sand flat within sheltered embayment
low-tidal sand flat within sheltered embayment

22° 12’ 16.06” S, 114° 05’ 34.00” E
22° 09’ 47.75” S, 114° 04’ 58.50” E

N
N

NWC-08

North West Cape

22° 08’ 37.74” S, 114° 05’ 04.69” E

NWC-09

North West Cape

22° 08’ 24.56” S, 114° 05’ 06.40” E

high wave energy beach
high wave energy beach with limestone pavement,
and low spring tide shoals/depressions
high wave energy beach with limestone pavement,
and low spring tide shoals/depressions
high wave energy beach with limestone pavement,

SPC-20
SPC-21
SPC-22
NWC-01
NWC-02
NWC-03
NWC-04
NWC-05

WAM
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Site #

Location, name, or
field notation

Latitude and longitude

NWC-10

North West Cape

22° 07’ 36.05” S, 114° 05’ 17.34” E

NWC-11

North West Cape

22° 06’ 44.69” S, 114° 05’ 38.30” E

NWC-12

Pebble Beach,
North West Cape
Exmouth Town Beach,
North West Cape
North of Exmouth
town,
North West Cape
Bundegi Sanctuary
middle, North West
Cape
Bundegi Sanctuary
north,
North West Cape
Coral View,
North West Cape
Navy Pier,
North West Cape
Mildura Wreck,
North West Cape
Vlamingh Head
Lighthouse,
North West Cape
Hunter’s Beach,
North West Cape

22° 02’ 28.56” S, 114° 06’ 55.72” E

NWC-13
NWC-14

NWC-15

NWC-16

NWC-17
NWC-18
NWC-19
NWC-20

NWC-21

21° 57’ 32.61” S, 114° 08’ 22.06” E

Brief description of site
and low spring tide shoals/depressions
high wave energy beach with limestone pavement,
and low spring tide shoals/depressions
high wave energy beach with limestone pavement,
and low spring tide shoals/depressions
high wave energy beach with sand and pebbles

Our
Record

WAM
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N
N
N

21o 53’ 25.96” S, 114o 8’ 45.74” E

high wave energy beach with low spring tide
shoals/depressions
high wave energy beach

N
N

21o 52’ 15.78” S, 114o 8’ 54.16” E

high wave energy beach

N

21o 51’ 17.75” S, 114o 9’ 22.55” E

high wave energy beach

N

21o 50’ 13.78” S, 114o 10’ 12.21” E

high wave energy beach

N

21o 48’ 51.33” S, 114o 11’ 27.48” E

high wave energy beach

N

21o 47’ 7.82” S, 114o 9’ 54.15” E

high wave energy limestone cliff shore

N

21o 48’ 9.77” S, 114o 6’ 31.93” E

high wave energy beach

N

21o 48’ 19.84” S, 114o 6’ 4.76” E

high wave energy beach

N
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Site #
NWC-22
NWC-23
NWC-24
NWC-25
NWC-26

NWC-27
NWC-28
NWC-29
NWC-30
NWC-31
NWC-32
NWC-33
NWC-34
NWC-35
PC-PQ-01

Location, name, or
field notation
Bauden,
North West Cape
False Is Pt south,
North West Cape
Tantabiddi ,
North West Cape
Mangrove Bay north
North West Cape
Mangrove Bay;
North West Cape
T-bone Bay’
North West Cape
Trealla Beach,
North West Cape
Tulki Beach,
North West Cape
North Mandu,
North West Cape
South Mandu’
North West Cape
North West Cape
Pilgrammunna,
North West Cape
Sandy Bay,
North West Cape
Yardie Creek,
North West Cape
Point Cloates – Point

Latitude and longitude

Brief description of site

21o 50’ 47.20” S, 114o 2’ 17.42” E

high wave energy beach

21o 51’ 24.90” S, 114o 1’ 13.57” E

high wave energy beach

N

21o 54’ 44.07” S, 113o 58’ 42.14” E

high wave energy beach

N

21o 57’ 51.71” S, 113o 56’ 33.42” E

high wave energy beach and limestone

N

21o 58’ 17.17” S, 113o 56’ 24.89” E

Y

22o 01’ 27.07” S, 113o 55’ 11.35” E

mangrove and sandy beach fringed embayment
protected from regional swell and wind waves by a
barrier spit (Transect Site 20 of this chapter)
high wave energy beach

N

22o 02’ 59.49” S, 113o 54’ 26.98” E

high wave energy beach

N

22o 04’ 29.57” S, 113o 53’ 46.92” E

high wave energy beach

N

22o 08’ 32.52” S, 113o 52’ 17.15” E

high wave energy beach

N

22o 08’ 42.90” S, 113o 52’ 12.93” E

high wave energy beach

N

22o 10’ 2.91” S, 113o 51’ 43.30” E
22o 11’ 35.28” S, 113o 51’ 21.58” E

high wave energy beach
high wave energy beach

N
N

22o 13’ 50.89” S, 113o 50’ 33.31” E

high wave energy beach

N

22o 19’ 25.71” S, 113o 48’ 45.51” E

high wave energy shoal barring a marine flooded
sand-fringed ravine
high wave energy beach

N

22o 40’ 8.05” S, 113o 41’ 10.68” E

Our
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Site #

GD-01
GD-02
GD-03
GD-04

Location, name, or
field notation
Quobba coast
Point Cloates – Point
Quobba coast
Point Cloates – Point
Quobba coast
Point Cloates – Point
Quobba coast
Point Cloates – Point
Quobba coast
Point Cloates – Point
Quobba coast
Point Cloates – Point
Quobba coast
Point Cloates – Point
Quobba coast
Point Cloates – Point
Quobba coast
Point Cloates – Point
Quobba coast
Gascoyne delta coast
Gascoyne delta coast
Gascoyne delta coast
Gascoyne delta coast

GD-05

Gascoyne delta coast

24o 52’ 36.60” S, 113o 37’ 34.46” E

GD-06

Gascoyne delta coast

24o 52’ 38.74” S, 113o 37’ 30.72” E

PC-PQ-02
PC-PQ-03
PC-PQ-04
PC-PQ-05
PC-PQ-06
PC-PQ-07
PC-PQ-08
PC-PQ-09
PC-PQ-10

Latitude and longitude

Brief description of site

Our
Record

23o 08’ 12.5” S, 113o 46’ 0.06” E

high wave energy beach

N

24o 00’ 3.17” S, 113o 27’ 40.39” E

high wave energy beach

N

24o 4’ 58.85” S, 113o 25’ 38.64” E

high wave energy cliff shore

N

24o 7’ 5.85” S, 113o 25’ 57.72” E

high wave energy cliff shore

N

24o 13’ 33.79” S, 113o 23’ 39.57” E

high wave energy cliff shore

N

24o 23’ 50.54” S, 113o 24’ 12.74” E

high wave energy cliff shore

N

24o 26’ 34.83” S, 113o 24’ 16.46” E

high wave energy cliff shore

N

24o 28’ 40.89” S, 113o 24’ 24.64” E

high wave energy cliff shore

N

24o 29’ 12.50” S, 113o 24’ 33.40” E

high wave energy cliff shore

N

24o 39’ 57.65” S, 113o 33’ 33.31” E
24o 43’ 58.16” S, 113o 36’ 51.12” E
24o 47’ 55.76” S, 113o 37’ 58.23” E
24º 51’ 43.88” S, 113º 37’ 43.00” E

high wave energy sand shore
high wave energy sand shore
high wave energy sand shore
tidal creek within strand plain protected from regional
swell and wind waves (Transect Site 21 of this
chapter)
tidal lagoon within strand plain protected from
regional swell and wind waves (Transect Site 22 of
this chapter)
tidal creek within strand plain protected from regional

N
N
N
Y
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Site #

Location, name, or
field notation

Latitude and longitude

GD-07

The Fascine,
Gascoyne delta coast

24o 53’ 3.96” S, 113o 39’ 10.96” E

GD-08

Mangrove Point,
Gascoyne Delta coast

24o 54’ 19.45” S, 113o 39’ 15.56” E

SB01

Gascoyne Flats, northeastern extremity of
Shark Bay
Uendoo Creek, northeastern Shark Bay

24o 54’ 44.71” S, 113o 40’ 17.88” E

SB03

Bush Bay, northeastern Shark Bay

25o 07’ 52.32” S, 113o 45’ 17.10” E

SB04

New Beach, northeastern Shark Bay

25o 08’ 50.58” S, 113o 46’ 49.26” E

SB05

north-eastern Shark
Bay

25o 11’ 05.08” S, 113o 49’ 29.61” E

SB06

north-eastern Shark
Bay

25o 11’ 51.72” S, 113o 49’ 44.52” E

SB07

north-eastern Shark
Bay

25o 15’ 42.41” S, 113o 50’ 55.64” E

SB02

25o 03’ 13.50” S, 113o 40’ 49.68” E

Brief description of site
swell and wind waves (Transect Site 23 of this
chapter)
sand shoals within main channel of the Gascoyne
River; protected from regional swell and wind waves
by location in channel
moderate to low wave energy sand flats amongst and
seaward of open mangrove shrubs (Transect Site 24
of this chapter)
moderate wave energy sand flats shoreward of a
seagrass-vegetated platform
moderate wave energy muddy sand flats in front of
mangroves, and shoreward of a seagrass-vegetated
platform
moderate to high wave energy sand flats and sand
ridges, and sand flats adjoining mangroves, shoreward
of a seagrass-vegetated platform
moderate to high wave energy sand flats and sand
ridges, and sand flats adjoining mangroves, shoreward
of a seagrass-vegetated platform
moderate to high wave energy sand flats and sand
ridges, and sand flats adjoining mangroves, shoreward
of a seagrass-vegetated platform
moderate to high wave energy sand flats and sand
ridges, and sand flats adjoining mangroves, shoreward
of a seagrass-vegetated platform
moderate to high wave energy sand flats and algal mat
covered sand flats seaward of and adjoining
mangroves, leeward of a north-oriented spit,
shoreward of a seagrass-vegetated platform
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Site #
SB08

Location, name, or
field notation
north-eastern Shark
Bay

Latitude and longitude

Brief description of site

25o 17’ 52.64” S, 113o 52’ 02.68” E

moderate to high wave energy sand flats and algal mat
covered sand flats seaward of, and adjoining
mangroves, leeward of a north-oriented spit,
shoreward of a seagrass-vegetated platform
moderate to high wave energy sand flats and algal mat
covered sand flats seaward of and adjoining
mangroves, leeward of a north-oriented spit,
shoreward of a seagrass-vegetated platform
moderate wave energy sand flats and algal mat
covered sand flats seaward of and adjoining
mangroves, leeward of a north-oriented spit,
shoreward of a seagrass-vegetated platform
sand flats at front of wave-dominated Wooramel
River delta
algal mat covered tidal flat

SB09

north-eastern Shark
Bay

25o 20’ 34.14” S, 113o 53’ 32.58” E

SB10

north-eastern Shark
Bay

25o 23’ 16.81” S, 113o 54’ 21.85” E

SB-11

eastern Shark Bay coast

25o 49’ 21.36” S, 114o 11’ 34.06” E

SB-12

Gladstone Embayment,
mid-eastern Shark Bay
coast
barrier to Gladstone
Embayment, mideastern Shark Bay coast
Hutchison Embayment,
south-eastern Hamelin
Pool, Shark Bay coast
Goat Point, southeastern Hamelin Pool,
Shark Bay coast
Nilemah Embayment,
southern Hamelin Pool,
Shark Bay coast
south-western Hamelin

25o 56’ 58.66” S, 113o 14’ 53.59” E

SB-13

SB-14

SB-15

SB-16

SB-17

Our
Record
N
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N

N

N
N

25o 58’ 24.18” S, 114o 13’ 16.25” E

moderate wave energy beaches and cheniers, with
adjoining algal mat covered tidal flat

N

26o 09’ 17.82” S, 114o 12’ 33.87” E

stromatolite tidal shore and shell grit

N

26o 15’ 48.03” S, 114o 13’ 09.19” E

stromatolite tidal shore, moderate wave energy
beaches, and shell grit

N

26o 27’ 00.91” S, 114o 05’ 19.18” E

moderate wave energy beach, shell grit spits, and
algal mat covered tidal flat

N

26o 24’ 01.42” S, 114o 02’ 10.48” E

moderate wave energy beach with shell grit and

N
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Site #

SB-18
SB-19

SB-20

SB-21

Location, name, or
field notation
Pool, Shark Bay coast
western Hamelin Pool,
Shark Bay coast
Shell Beach, southern
L’Haridon Bight, Shark
Bay coast
west of Shell Beach,
southern L’Haridon
Bight, Shark Bay coast
western L’Haridon
Bight, Shark Bay coast
north Faure Island,
Shark Bay coast
northwest Faure Island,
Shark Bay coast

Latitude and longitude

26o 12’ 54.65” S, 113o 56’ 18.76” E
26o 12’ 48.88” S, 113o 46’ 04.93” E

Brief description of site
stromatolite tidal shore
moderate wave energy beach with shell grit and
stromatolite tidal shore
moderate wave energy beach with shell grit, and algal
mat on tidal flat

Our
Record
N
N

26o 12’ 52.05” S, 113o 46’ 27.55” E

moderate wave energy beach with shell grit, and algal
mat on tidal flat

N

26o 05’ 36.84” S, 113o 42’ 10.40” E

N

N

SB-24

west Faure Island,
Shark Bay coast

25o 50’ 35.76” S, 113o 51’ 11.47” E

SB-25

southwest Faure Island,
Shark Bay coast

25o 51’ 41.63” S, 113o 51’ 19.70” E

SB-26

Dubaut Point, west
shore of Faure Sill,
Shark Bay coast
west shore of Faure
Sill, Shark Bay coast
Dubaut Creek mouth,
west shore of Faure

25o 56’ 18.52” S, 113o 44’ 12.06” E

algal mats, breccia pavements, shell pavements, shell
grit spits
sand flat, shell pavements, mussel beds, muddy sand
mangrove shore, beach ridges
sand flat, shell pavements, mussel beds, muddy sand
mangrove shore, spits with muddy sediment to
leeward
spit barrier shore with sand flats and shell pavement
mangrove, samphire and algal mats to leeward, sand
flats and shell pavement to seaward
spit barrier shore with sand flats and shell pavement
mangrove, samphire and algal mats to leeward, sand
flats and shell pavement to seaward
algal mats, shell pavements, sand spits

25o 52’ 8.59” S, 113o 44’ 36.37” E

algal mats, shell pavements, sand spits

N

25° 51' 42.19” S, 113° 43’ 37.13” E

sand beachridges, mangroves on muddy sand, muddy
sand tidal flats, and water-logged sand flats

N

SB-22
SB-23

SB-27
SB-28

25o 48’ 01.64” S, 113o 52’ 40.86” E
25o 48’ 20.43” S, 113o 51’ 56.79” E
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Site #

SB-29

SB-30

SB-31
SB-32

SB-33
SB-34
SB-35
SB-36
SB-37

SB-38

SB-39

Location, name, or
field notation
Sill, Shark Bay coast
sand flats north of
Dubaut Creek, Shark
Bay coast
sand flats south of
Monkey Mia, Shark
Bay coast
spit south of Monkey
Mia, Shark Bay coast
Monkey Mia, Shark
Bay coast
Red Cliff, Shark Bay
coast
Cape Rose, Shark Bay
coast
eastern Guichenault
Point, Shark Bay coast
western Guichenault
Point, Shark Bay coast
Herald Bight, inshore
tidal flat, Shark Bay
coast
Skipjack Rocks (site 1),
Peron Peninsula, Shark
Bay coast
Skipjack Rocks (site 2),
Peron Peninsula, Shark
Bay coast

Latitude and longitude

Brief description of site

25° 51' 13.11” S, 113° 43’ 16.68” E

low tidal sand flats are soldier crab depauperate;
soldier crab habitat on low shoals amongst mangrove
copses
low tidal sand flats in a shoal and depression complex
on a moderate energy beach

Y

25o 48’ 0.17” S, 113o 43’ 21.94” E

low tidal shell pavement leeward of sandy spit

N

25o 47’ 42.32” S, 113o 43’ 22.62” E

low tidal sand flat leeward of a shoreline spit, and
subregionally protected by a large seagrass-vegetated
submarine spit (Transect Site 25 of this chapter)
low tidal sand flats in a shoal and depression complex
on a moderate energy beach
low tidal sand flats in a shoal and depression complex
on a moderate energy beach
sand flats and shell pavements comprising a northtrending spit, moderate wave energy
sand flats and shell pavements on tidal flats between
two north-trending spits, moderate wave energy
sand flats and shell pavements on tidal flats seaward
of a beachridge, moderate wave energy

Y

25° 30’ 54.36” S, 113° 31’ 2.40” E

sand flats and shelly sand seaward of a beach,
moderate wave energy

N

25° 30’ 49.41” S, 113° 30’ 53.88” E

sand flats and shelly sand seaward of a beach,
moderate wave energy

N

25° 49' 45.00” S, 113° 43’ 20.38” E

25o 47’ 23.12” S, 113o 41’ 36.62” E
25o 44’ 02.70” S, 113o 37’ 47.04” E
25° 37’ 3.96” S, 113° 34’ 56.40” E
25° 37’ 6.72” S, 113° 34' 44.64” E
25° 37’ 51.03” S, 113° 33’ 1.58” E
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Site #
SB-40

SB-41

SB-42

SB-43

SB-44

SB-45

SB-46

SB-47

Location, name, or
field notation
Point Leuseur, northwestern Peron
Peninsula, Shark Bay
coast
Big Lagoon complex
(site 1), north-western
Peron Peninsula, Shark
Bay coast
Big Lagoon complex
(site 2), north-western
Peron Peninsula, Shark
Bay coast
Little Lagoon complex:
open coast at mouth of
creek, Shark Bay coast
Little Lagoon complex:
barred ebb delta shoals
at mouth of creek,
Shark Bay coast
Little Lagoon complex:
mid channel shoals
interior of creek, Shark
Bay coast
Little Lagoon complex:
flood delta shoals at
east of creek, Shark
Bay coast
Shark Bay coast south
of Little Lagoon

Latitude and longitude

Brief description of site

Our
Record
N

25° 43’ 5.28” S, 113° 24’ 59.46” E

sand flats, shelly sand, algal mats, and mangrove flats
leeward and seaward of a sandy spit complex; high
wave energy

25° 47’ 45.00” S, 113° 27’ 58.02” E

sheltered sand flats, shelly sand, water saturated sand
flats, algal mats, and mangrove flats leeward of a
sandy spit complex;

N

25° 48' 20.26” S, 113° 27' 49.13” E

sand flats, shelly sand seaward of a sandy spit
complex; high wave energy

N

25° 54’ 12.01” S, 113° 31’ 23.47” E

low tidal sand flats and shell pavements, high energy

N

25° 54’ 6.49” S, 113° 31’ 26.05” E

low tidal sand flats and deep water channel

N

25° 54’ 20.15” S, 113° 31’ 43.16” E

sheltered low tidal sand and muddy sand flats and
algal mats and fringing mangrove

N

25° 54’ 7.94” S, 113° 31’ 52.98” E

sheltered low tidal shell pavement and sand flats and
algal mats and fringing mangrove

N

25° 54’ 34.98” S, 113° 31’ 15.00” E

spit and sheltered lagoon complex, with sand, shell
pavements

N

WAM
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Site #
SB-48
SB-49

SB-50
SB-51
SB-52

SB-53

SB-54

SB-55

SB-56

SB-57

SB-58

Location, name, or
field notation
Lagoon Point, Shark
Bay coast
Shark Bay coast
between Lagoon Point
and Denham
Denham foreshore,
Shark Bay coast
Eagle Bluff, Shark Bay
coast
spit and lagoon
complex within cove,
Shark Bay coast
spit and lagoon
complex, Shark Bay
coast
Goulet Bluff spit and
lagoon complex, Shark
Bay coast
Goulet Bluff - Nanga
tract site 1, Shark Bay
coast
Goulet Bluff - Nanga
tract site 2, Shark Bay
coast
Goulet Bluff - Nanga
tract site 3, Shark Bay
coast
Goulet Bluff - Nanga
tract site 4, Shark Bay
coast

Latitude and longitude

Brief description of site

Our
Record
N

25° 55’ 7.02” S, 113° 30’ 58.98” E
25o 55’ 20.24” S, 113o 31’ 18.05” E

spit and lagoon complex, with sand, shell pavements,
gravel pavement
moderate wave energy beach and sand flats

25° 55’ 39.37” S, 113° 31’ 50.93” E

moderate wave energy beach and sand flats

N

26o 05’ 34.08” S, 113o 34’ 45.1” E

moderate wave energy beach

N

26° 06’ 22.02” S, 113° 37’ 10.98” E

algal mats, muddy sand and low-tidal water saturated
sand

N

26° 11’ 37.02” S, 113° 41’ 10.98” E

algal mats and shell pavements

N

26° 12’ 51.00” S, 113° 41’ 25.02” E

algal mats and shell pavements

N

26° 13’ 26.76” S, 113° 42’ 36.39” E

moderate wave energy sandy and shelly beach and
pocket beach between rocky coast

N

26° 13’ 45.07” S, 113° 44’ 01.39” E

moderate wave energy sandy and shelly beach
adjoining a rocky shore

N

26° 14’ 15.40” S, 113° 45’ 59.29” E

moderate wave energy sandy and shelly beach and
beachridge and pocket beach between rocky coast

N

26° 14’ 45.40” S, 113° 47’ 15.67” E

moderate wave energy sandy and shelly beach and
pocket beach between rocky coast

N
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Site #
SB-59
SB-60
SB-61

SB-62
SB-63
SB-64

SB-65

SB-66

SB-67

SB-68

SB-69
SB-70

Location, name, or
field notation
Nanga Station coast,
Shark Bay coast
Garden Point, Shark
Bay coast
southern
Disappointment Loop,
Shark Bay coast
southern Depuch Loop,
Shark Bay coast
north-western Depuch
Loop, Shark Bay coast
east shore Carrarang
Peninsula, Shark Bay
coast
north Carrarang
Peninsula site 1, Shark
Bay coast
north Carrarang
Peninsula site 2, Shark
Bay coast
north Carrarang
Peninsula site 3, Shark
Bay coast
north Carrarang
Peninsula site 4, Shark
Bay coast
southern shore, Brown
Inlet, Shark Bay coast
Ant Island, Shark Bay

Latitude and longitude

Brief description of site

26° 15’ 21.76” S, 113° 48’ 10.60” E

26o 39’ 46.29” S, 113o 40’ 4.03” E

moderate wave energy sandy and shelly beach
adjoining a rocky shore
moderate wave energy sand and shell spit shore, with
algal mats to leeward
stromatolite shore and shell grit

26o 34’ 19.89” S, 113o 33’ 39.82” E

limestone rocky shore and sandy beaches

N

26o 27’ 46.56” S, 113o 33’ 31.92” E

limestone rocky shore and sandy beaches

N

26o 19’ 42.07” S, 113o 32’ 42.12” E

moderate wave energy beach

N

26° 17’ 34.20” S, 113° 32’ 23.21” E

sand flats and shell pavements comprising northtrending spit, and the tidal flats leeward and seaward
of the spit
sand flats and shell pavements comprising northtrending spit, and the tidal flats leeward and seaward
of the spit
sand flats and shell pavements comprising northtrending spit; algal mats and muddy sand to leeward
of the spit
moderate energy sand flats and beach protected by a
north-trending limestone peninsula

N

26o 29’ 0.63” S, 113o 29’ 10.83” E

shelly beach

N

26° 09’ 47.64” S, 113° 26’ 37.27” E

limestone rocky shore, limestone pavement, sandy

N

26o 23’ 59.41” S, 113o 51’ 57.45” E

26° 16’ 32.74” S, 113° 30’ 38.75” E

26° 18’ 23.85” S, 113° 29’ 44.45” E

26° 19’ 16.69” S, 113° 30’ 32.19” E
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Site #

ZC-G-10
ZC-G-11
HA-01
HA-02
HA-03

Location, name, or
field notation
coast
spit shore north-eastern
Useless Loop, Shark
Bay coast
Steep Point
Zuytdorp Cliffs
coast north of Kalbarri
coast north of Kalbarri
coast north of Kalbarri
north of Kalbarri 1
Murchison River
estuary, Kalbarri
Murchison River
estuary, Kalbarri
Murchison River
estuary, Kalbarri
Murchison River
estuary, Kalbarri
Oakajee coast
Geraldton coast
Houtman Abrolhos
Houtman Abrolhos
Houtman Abrolhos

HA-04

Houtman Abrolhos

28o 28’ 23.88” S, 113o 41’ 49.06” E

HA-05
HA-06

Houtman Abrolhos
Houtman Abrolhos

28o 29’ 43.65” S, 113o 46’ 4.92” E
28o 40’ 5.44” S, 113o 49’ 41.94” E

SB-71

SB-72
ZC-G-01
ZC-G-02
ZC-G-03
ZC-G-04
ZC-G-05
ZC-G-06
ZC-G-07
ZC-G-08
ZC-G-09

Latitude and longitude

Brief description of site

26° 08’ 13.98” S, 113° 25’ 43.02” E

beaches
limestone rocky shore, limestone pavement, sandy
beaches, shelly sand

26o 08’ 54.66” S, 113o 09’ 39.46” E
26o 50’ 20.96” S, 113o 42’ 53.20” E
27o 15’ 55.66” S, 113o 59’ 03.78” E
27o 29’ 31.48” S, 114o 05’ 56.90” E
27o 32’ 41.78” S, 114o 06’ 53.19” E
27o 36’ 32.49” S, 114o 08’ 21.72” E
27o 42’ 25.19” S, 114o 09’ 38.67” E
27o 41’ 58.91” S, 114o 09’ 55.37” E
27o 41’ 32.45” S, 114o 10’ 14.58” E
27o 41’ 9.44” S, 114o 10’ 28.58” E
28o 39’ 33.68” S, 114o 36’ 40.40” E
28o 46’ 47.86” S, 114o 34’ 37.17” E
28o 17’ 34.44” S, 113o 35’ 53.96” S
28o 17’ 48.59” S, 113o 36’ 1.92” E
28o 28’ 30.77” S, 113o 41’ 48.71” E

high wave energy cliff
high wave energy cliff
high wave energy beach
high wave energy beach
high wave energy beach
high wave energy beach
moderate wave energy shoals at estuary entrance
(freshwater influenced)
low wave energy shoals within estuary (freshwater
influenced)
low wave energy shoals within estuary (freshwater
influenced)
low wave energy shoals within estuary (freshwater
influenced)
high wave energy beach
high wave energy beach
high wave energy beach
high wave energy beach
tidal creel shoal underlain by coarse -/ very coarse
sand on limestone pavement or gravel
sand protecting small cove; spit is very coarse sand;
cove is underlain by veneer of sand and mud on
limestone pavement
sand with worm tubes, flanked by coarse coral gravel
coarse and very sand and medium sand, with some
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Site #

Location, name, or
field notation

Latitude and longitude

HA-07

Houtman Abrolhos

28o 43’ 24.70” S, 113o 50’ 07.99” E

HA-08

Houtman Abrolhos

28o 43’ 28.72” S, 113o 50’ 04.03” E

HA-09

Houtman Abrolhos

28o 44’ 41.75” S, 113o 48’ 41.79” E

HA-10

Houtman Abrolhos

28o 40’ 6.03” S, 113o 49’ 43.52” E

HA-11

Houtman Abrolhos

28o 40’ 11.90” S, 113o 49’ 46.98” E

HA-12

Houtman Abrolhos

28o 40’ 28.71” S, 113o 49’ 47.38” E

HA-13
HA-14

Houtman Abrolhos
Houtman Abrolhos

28o 42’ 29.35” S, 113o 46’ 49.41” E
28o 44’ 32.21” S, 113o 49’ 0.27” E

HA-15

Houtman Abrolhos

28o 44’ 39.98” S, 113o 48’ 41.11” E

HA-16

Houtman Abrolhos

28o 44’ 32.21” S, 113o 49’ 0.27” E

HA-17
HA-18
HA-19
HA-20
HA-21

Houtman Abrolhos
Houtman Abrolhos
Houtman Abrolhos
Houtman Abrolhos
Houtman Abrolhos

28o 44’ 50.51” S, 113o 48’ 43.35” E
28o 44’ 58.09” S, 113o 48’ 27.12” E
28o 44’ 58.55” S, 113o 48’ 24.31” E
28o 53 53.27” S, 114o 00’ 22.82” E
28o 53’ 58.80” S, 114o 00’ 19.46” E

HA-22
HA-23

Houtman Abrolhos
Houtman Abrolhos

28o 54’ 21.15” S, 114o 00’ 03.60” E
28o 54’ 20.24” S, 114o 00’ 00.78” E

Brief description of site
mud layers underling beach
beach with coarse sand and gravel, veneer on
limestone pavement
sandy beach with veneer on limestone pavement of
coarse and medium sand (with worm tubes)
high wave energy coral gravel shore and ridges;
coarse – medium sand over limestone pavement
high wave energy coral gravel shore and ridges;
coarse – medium sand over limestone pavement
shore parallel ribbon of sand on limestone pavement;
locally coarse sand veneer on very coarse sand and
grit
limestone pavement or mud veneer on coral gravel
pavement
high wave energy gravely sand
sandy beach with veneer on limestone pavement of
coarse and medium sand
sandy beach with veneer on limestone pavement of
coarse and medium sand
sandy beach with veneer on limestone pavement of
coarse and medium sand
beach of coarse sand
beach of coarse sand
beach of coarse sand
limestone gravel pavement
sandy beach bordered by limestone gravel to south
and rocky shore to north
platey limestone pavement
platey limestone pavement
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Site #
HA-24

Location, name, or
field notation
Houtman Abrolhos

Latitude and longitude

Brief description of site

28o 55’ 40.22” S, 113o 58’ 32.63” E

muddy sand and sand veneer on limestone pavement
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9.2 Appendix 2:
Results of data analyses

9.2.1 Regression analysis of crab abundance and abiotic environmental data from
25 regional transect sites

Least squares bivariate linear regression analyses
Abundance (crabs/m2) vs groundwater Salinity (ppt): r2 = 0.0040, p = 0.7640
Abundance (crabs/m2) vs pellicular water salinity (ppt): r2 = 0.0124, p = 0. 0.5967
Abundance (crabs/m2) vs sediment moisture (% wt): r2 = 0.0116, p =0.6082
Abundance (crabs/m2) vs sediment organic carbon content (% wt): r2 = 0.0082, p = 0.6672
Abundance (crabs/m2) vs sediment mud content (% wt): r2 = 0.0006, p = 0.9046
Abundance (crabs/m2) vs organic matter in mud (% wt): r2 = 0.0050, p = 0.7377
Least squares multiple linear regression
Dependent variable: abundance (crabs/m2): r2 = 0.1546
MODEL
Intercept
Groundwater salinity
(ppt)
Pellicular water
salinity (ppt)
Sediment moisture (%
wt)
Sediment organic
carbon content (% wt)
Sediment mud content
(% wt)
Organic matter in mud
(% wt)

Coefficien
ts
422.5371
- 1.5448

Standard
error
704.6847
16.4916

- 14.6862

t Stat

p-value

0.5996
- 0.0937

0.5562
0.9264

14.0932

- 1.0421

0.3112

34.3889

23.6608

1.4534

0.1633

- 135.3204

88.3824

- 1.5311

0.1431

- 34.1407

47.6225

- 0.7169

0.4826

- 7.3094

12.1873

- 0.5998

0.5561
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9.2.2 Principal Components Analysis (Varimax and Direct Oblimin Rotations) of the
abiotic features of the seven transects of Figure 3.
Rotated Component Matrixa (Varimax)
Component
Groundwater salinity (ppt)
Pellicular water salinity (ppt)
Sediment moisture (% wt)
Sediment grain size (µm)
Sediment organic carbon content (% wt)
Sediment mud content (% wt)
Organic matter in mud (% wt)
Depth to water table
Crab abundance

1

2

- 0.116
- 0.645
0.869
- 0.235
0.851
0.757
0.116
- 0.791
- 0.028

0.784
0.241
0.312
- 0.763
0.124
0.006
0.592
- 0.057
0.081

3

0.157
0.428
- 0.088
0.045
0.119
0.343
- 0.315
0.342
- 0.790
Extraction Method: Principal Component Analysis. Rotation Method: Varimax with Kaiser
Normalization.
a. Rotation converged in 4 iterations.
Pattern Matrixa (Direct Oblimin)
Component
1

2

3

Groundwater salinity (ppt)
- 0.143
0.151
0.796
Pellicular water salinity (ppt)
0.287
- 0.643
0.388
Sediment moisture (% wt)
0.263
- 0.033
0.860
Sediment grain size (µm)
- 0.204
0.030
- 0.752
Sediment organic carbon content (% wt)
0.081
0.174
0.858
Sediment mud content (% wt)
- 0.027
0.777
0.392
Organic matter in mud (% wt)
0.080
0.580
- 0.309
Depth to water table
- 0.006
0.293
- 0.782
Crab abundance
- 0.064
0.065
- 0.794
Extraction Method: Principal Component Analysis. Rotation Method: Oblimin with Kaiser
Normalization.
a. Rotation converged in 6 iterations.
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9.2.3 Total Variance Explained
Initial Eigenvalues
% of
Cumulative
Component Total variance
%
1
3.339 37.095
37.095
2
1.613 17.922
55.017
3
1.142 12.689
67.707
4
0.897 9.965
77.672
5
0.706 7.840
85.512
6
0.615 6.835
92.347
7
0.367 4.075
96.421
8
0.259 2.883
99.304
9
0.063 0.696
100.000

Extraction sums of squared
loadings
% of
Cumulative
Total variance
%
3.339 37.095
37.095
1.613 17.922
55.017
1.142 12.689
67.707

Rotation sums of squared
loadings
% of
Cumulative
Total variance
%
3.176 35.287
35.287
1.729 19.206
54.493
1.189 13.214
67.707

Extraction Method: Principal Component Analysis.
Component 1 = Groundwater salinity (ppt)
Component 2 = Pellicular water salinity (ppt)
Component 3 = Sediment moisture (% wt)
Component 4 = Sediment grain size (µm)
Component 5 = Sediment organic carbon content (% wt)
Component 6 = Sediment mud content (% wt)
Component 7 = Organic matter in mud (% wt)
Component 8 = Depth to water table
Component 9 = Crab abundance
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